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Hydroides elegans is a polychaete annelid and a

common member of warm-water, marine fouling

communities around the world. This microserpulid

worm can be reared on the bench, at room temper-

ature, in the wells of a plastic ice-cube tray. In

nature, the worms spawn their gametes into the

sea, where fertilization occurs. Some 4-6 days

after fertilization, the feeding larvae become com-

petent to settle, and they do so rapidly upon contact

with a biofilmed surface. H. elegans is small, man-

ageable, and has a generation time of 3 weeks

or less; it is therefore the quintessential marine

polychaete with which to study developmental and

genetic processes.

Metamorphosis in H. elegans is characterized

in a report by Capizio-Ituarte and Hadfield in this

issue; key morphogenetic events are used to assay

the responses of larvae to biofilms and to artificial

ionic inducers of metamorphosis.

Counterclockwise from upper left:

1

.

Adult H. elegans in their calcareous tubes dis-

play their branchial crowns; the operculum that

characterizes the species is visible in the midst

of the crown.

2. Competent, 5-day-old larva showing the char-

acteristic prototroch (photo by B. Nedved).

3. Anterior portion of a worm only 24 hours after

metamorphosis. Note the pair of radioles that

will form the branchial crown in the adult; the

collar helps to shape the calcareous tube.
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Mechanical Significance of Obliquely Striated

Architecture in Nematode Muscle

A. H. JAY BURR* AND CARL CANS

Department of Biological Sciences. Simon Fraser University, Burnaby, British Columbia, V5A 1S6.

Canada; and Department of Zoology. Universit}- of Te.xas. Austin. Texas 78746

In certain invertebrate muscles, adjacent narrow columns

ofsarcomeres are displaced along the fiber a.xis. providing

an obliquely striated myofilament pattern in certain section

planes. Although this architecture is described in many

phyla and has been the subject of much discussion (J-

12), its mechanical significance has yet to be resolved. In

nematodes, where ultrastructural details of the obliquely

striated muscle have long been known (12-19), another

unique and prominent feature is the attachment of every

sarcomere to the plasmalemma and basal lamina via dense

bodies (Z-disc analogs). Unfortunately, the importance of

this feature to the transmission of the contractile finre to

the cuticle is not understood outside the Caenorhabditis

elegans literature: it was overlooked in recent reviews cov-

ering obliquely striated mu.scle (9-11). Here we consider

trcmsmission offorce and oblique striation together. We
compare the contractile architecture in C. elegans with

that in the more complex muscle type of larger nematodes.

Both t\pes are designed to trcmsmit theforce ofcontraction

laterally to the cuticle rather than longitudinally to the

muscle ends. In the second type, folding of the contractile

structure around an inward extension of the basal lamina

enables a higher number of sarcomeres to be linked to

cuticle per unit length. We suggest that the mechanical

significance of the oblique arrangement of sarcomeres in

both types is that it distributes the force application sites

of the sarcomeres more evenly over the basal lamina and

cuticle. With this muscle architecture, smooth bending of

the nematode body tube would be possible, and kinking

would be prevented.

In nematodes, four bands of muscles lie longitudinally

along the cuticle. Bending is caused by compression of

Received 12 May 1997; accepted 1 October 1997.

*To whom correspondence should be addressed. E-mail: burr@sfu.ca

the cuticle due to contraction of either the dorsal or ventral

muscle pairs with opposing action from the hydrostatic

skeleton (20-21). The undulatory locomotion (see Fig.

2A) is due to smooth waves of bending that apply the

propulsive forces to the substrate (22).

In all nematodes, the longitudinal muscle bands are

composed of a single layer of cells, and the contractile

filaments form a layer along the distal surface of each

cell. The structure of the filament layer is diagrammed in

Figure 1 for the two main types of muscle fiber architec-

ture found in nematodes: platymyarian, represented here

by Caenorhabditis elegans, and coelomyarian, repre-

sented by Mermis nigre.uens. The structures of other

platymyarian and coelomyarian nematode species are

closely similar to these examples (12-15. 19).

In both types of architecture the myofilaments lie paral-

lel to the long axis of the muscle fiber and the body axis

(vertical in Fig. 1). Observe the one complete sarcomere

shown in the frontal plane of the Mermis diagram and

the partial ones in the other section planes. Clusters of

thin filaments attach to each bar-shaped electron-dense

structure. Called dense bodies or Z-bars, the latter are

equivalent to the Z-discs of vertebrate cross-striated mus-

cle in that they provide attachment sites for the actin

filaments and form the boundaries between the naiTOW

sarcomeres (16). Within each sarcomere, the thick fila-

ments are linked to each other and to the plasmalemma

by the M-line material (Fig. 1).

Probably the most significant and distinguishing struc-

tural feature of obliquely striated muscle of nematodes is

the direct attachment of each dense body, and thereby

each sarcomere, to the muscle cell membrane (Fig. I ). In

cross-striated muscle there is no equivalent attachment

—

only a loose linkage of Z-discs with others along the

same myofibril, between neighboring myofibrils, and to

sites on the sarcolemma. These connections are made via
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Caenorhabditis Mermis

hypodermis

basal lamina

^ M-line

thick filaments

dense body
thin filaments

dense body

basal lamina cytoplasm
of muscle cell

Figure 1. Contractile architecture of the two main types of nematode body-wall muscle: platymyarian

(example: Caenorhabditis elegans) and coeloniyarian (example: Mermis nigrescens). The anterior-posterior

axis is vertical. For clarity, only two thin filaments of the bundle that attach to each dense body (13- 14,

29) are illustrated in the tangential section of the Caenorhaiidilis diagram. In the equivalent, radial plane

of the Mermis diagram, the thin filaments have been omitted altogether. The scale of the diagrams was

shortened in the vertical direction to allow illustration of a complete sarcomere. Methods: The C elegans

structure was redrawn at a new orientation from illustrations by Francis and Waterston (16). That oi Mermis

was drawn from transmission electron micrographs of orthogonal sections (29).

an exosarcomeric lattice of intermediate filaments (23).

The intermediate filament lattice can transmit forces along

a myofibril, but only when a sarcomere is stretched be-

yond its normal operating range (24), and there is no

evidence for lateral transmission of forces to the sarco-

lemma. In smooth muscle, also, there is no equivalent

lateral attachment. The myofilament strands containing

actin-myosin contractile units are anchored at their ends

to the plasmalemma by membrane-associated dense bod-

ies, or adherens junctions. However, cytoplasmic dense

bodies that serially link contractile units within the strands

are not directly attached to the plasmalemma (25-26).

By contrast, in nematode body wall muscle, all dense

bodies appear firmly attached to the sarcolemma. Like

the force-transmitting attachment plaques at the ends of

cross-striated muscle cells, the electron-dense, a-actinin-

containing dense bodies are fastened to the plasmalemma

and basal lamina by a broad base composed of vinculin.

talin. and integrin (16-18. 27). These components also

play a role in sarcomere localization and assembly during

embryonic development (27). The dense bodies are analo-

gous to focal adhesions of vertebrate non-muscle cells in

that they attach actin filaments through the plasmalemma

to the basal lamina via the same protein components (28).

In the platymyarian type of nematode muscle cell, the

contractile structure consists of a layer, about 1 /jm in

thickness, of myofilaments parallel to the very thin epider-

mis (hypodermis) and cuticle (Fig. 1). The ~l-^m dense
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bodies traverse the entire depth of the filament layer and

thereby attach the myofilaments perpendicularly to the

sarcolemma and basal lamina. The basal lamina underly-

ing the muscle, in turn, is fastened to the cuticle across

the 0. 15-^m-thick epidermal cell cytoplasm via l-jjm-

spaced, l-//m-wide circumferential bands of hemidesmo-

somes and intermediate filaments ( 16-17). Thus, the ends

of each sarcomere are tightly anchored to the cuticle via

dense bodies, basal lamina, and hypodemial cytoskeleton,

and the shortening of a sarcomere would compress the

cuticle locally.

In the coelomyarian muscle type, seen in Mermis iii-

grescens (19. 29) and various other large nematodes in-

cluding Ascaris lumbricoides (reclassified simni) (12-

14). the plate of myofilaments is folded lengthwise so

that most of the contractile layer lies radially (Fig. 1).

The thickness of the myofilament plate is the same ( 1
-

2 ^m) in Mermis and C. elegans: however, it is two times

thicker in the much larger Ascaris (13). In the folded

contractile layer of coelomyarian muscle, the dense bod-

ies connect the thin filaments perpendicularly to the basal

lamina, as in platymyarian muscle, but most of the basal

lamina is in the form of a longitudinal ribbon that extends

radially inwards between the cells (Fig. 1). This rear-

rangement markedly increases the number of sarcomeres

that can be connected to a unit length of cuticle, thus

increasing the maximum contractile force. These ribbons

of basal lamina would transmit compressive forces radi-

ally to the circumferential basal lamina lining the hypo-

dermis. There, as in the platymyarian arrangement, hemi-

desmosomes and intermediate filaments are present in the

thin hypodermal cytoplasm (12, 30) which would transmit

compressive forces across it to the cuticle.

Hence, the links between thin filaments and the cuticle

are the same in the two types, but with the radial extension

of the basal lamina in coelomyarian muscle. In both types,

the density and thickness of the dense bodies suggest

rigidity, and the increased electron density seen in the

basal lamina adjacent to the dense bodies and in the cuti-

cle near the intermediate filaments (12, 18-19, 29-30)

suggests that these attachment sites are reinforced to dis-

tribute stress. In the coelomyarian type, the radial exten-

sion of the basal lamina would add an extra element of

elasticity to the link between sarcomere and cuticle.

The M-line material in the center of the A band (Fig.

1 ) attaches the thick filaments to the basal lamina and thus

could also transmit forces to the basal lamina; however, it

is unlikely to contribute significantly to the compressive

forces acting on the basal lamina. Nematode M-lines are

similar in density and thickness to those in cross-striated

muscle fibrils. The relatively thicker and more electron-

dense dense bodies are more probably the primary force

transmitters. Like dense bodies, the M-line material is

attached via /3-integin and talin. but vinculin and a-actinin

are missing (16, 28). M-lines are thought to keep the

thick filaments roughly in register and centered within

the sarcomere. The forces transmitted via the M-line in

nematode muscle are probably limited to what is needed

to maintain the average position of the thick filaments in

a sarcomere centered between the dense bodies.

A system of inelastic fibers that interconnect dense

bodies along the oblique row in Ascaris (12) is now

known to be intermediate filaments (30). These are coiled

except in fully extended muscle, so their role— like that

of the exosarcomeric intermediate filament lattice of

cross-striated muscle— may be to limit over-extension (8,

12. 15, 30).

The mechanical linkage in cross-striated muscle cells

is very different. The sarcomeres of vertebrate myofibrils

are assembled into cylindrical columns, the myofibrils.

Tensile forces are transmitted longitudinally by the end-

to-end contacts across the Z-discs bounding the sarco-

meres and across the attachment plaques connecting be-

tween cell ends. In contrast, the contractile apparatus of

nematodes appears to be designed for transmitting com-

pressive forces laterally to the cuticle. In C. elegans, the

attachment sites of sarcomeres via dense bodies to the

basal lamina are far more numerous than the attachment

plaques at the ends of the cells. In Mermis, the lateral

attachments to the basal lamina extend over the entire

6-mm length of the extremely narrow (2 ^m) band of

contractile filaments. These dimensions are to be com-

pared to the 5-10 mm arc lengths of the smooth bends

which are propagated along the body. These geometries

suggest that comparatively little of the contractile force

developed within the longitudinal muscles is transmitted

serially (from sarcomere to sarcomere and cell to cell) to

the muscle ends. Rather, shortening of each sarcomere

would directly compress the adjacent basal lamina to

which it is individually and tightly attached. From the

basal lamina, this compression would be transmitted to

the cuticle by the many short intermediate filaments tra-

versing the 1 .5-/jm hypodermis. Thus, the most signifi-

cant mechanical distinction between obliquely striated

muscle of nematodes and cross-striated muscle is that

each sarcomere is connected peipendicularly to the site

of force application, rather than serially to the muscle

ends.

The functional consequence of this lateral, parallel ap-

plication of contractile force to the cuticle is evident in

the motion caused by the longitudinal muscles. Nematode

locomotion typically involves smooth dorsoventral bend-

ing of the body tube (Fig. 2A). Although the straps of

longitudinal muscles run the entire length of the body,

compression of the cuticle occurs locally, on the inside

of bends, for two or more separated bends along the

length. This could occur only if local, lateral application

of contractile force was significant. Localized bending is
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Figure 2. Propulsive motion of wild-type and mutant Caenorhabditis

elegans. (A) Free forward motion of wild-type on surface of agar gel (two

views 1.2 s apart). (B) Propulsion of wild-type in contact with surface of

a bubble (two views 1.0 s apart). The external capillary force causes

buckling of the body tube. Marks indicate location of vulva (midbody)

and anus of this young adult hemiaphrodite. There is some foreshortening

due to out-of-plane orientation. (C) Kink that occurs during forward loco-

motion of a Un-39 mutant of C. elegans crawling on agar. Dorsal is

upwards. (D) Sharp kink that occurs during reverse locomotion of the

same individual. Arrows point to the position of the refractile intestinal

lumen, visible under the illumination conditions. Methods: Locomotory

motion of C elegans wildtype (Bristol, N2 strain), and the lin-39 (nl760

null allele) mutant kindly provided by Scott Clark (32), was recorded on

videotape with a CCD camera mounted at the focal plane of a 3.2 power

microscope objective with diffused illumination from below. Body outlines

were traced from a video [iionitor during frame-by-frame replay using a

Mitsubishi Model HS-U62(C) video recorder. C. elegans strains were

cultivated on agar petri plates with a culture of Escherichia coli mutant

strain OP-50 for food (.34).

especially evident in tlie unique locoinotion of Mermis.

Free-living stages of Mermis nigrescens (about 100 mm
in length ar\d 0.4 mm in diameter) are capable of remark-

able local control of six to eight body waves so as to

apply lateral force to various point contacts in grass as

the body tube glides by (29).

The lateral attachment is also important to prevent

buckling of the inherently flexible cuticle during contrac-

tion of the longitudinal muscles. Buckling would be pre-

dicted to occur if the muscle attachments were to span

long intervals of the cuticle, in particular, if the ratio of

length over width of the compressed zone exceeded 7,

the value that shifts the Euler column foimula into the

long-column phase governed by buckling (31). The nar-

row cuticular tube of wild-type C. cleii,uns buckles only

when unusual external forces are applied— for example,

when the worm becomes trapped by surface tension

against a bubble (Fig. 2B). However, in the presence of

the liii-39 (nl760) mutation, buckling occurs during nor-

mal locomotion. The mutation leaves a substantial length

of the ventral muscle detached from the cuticle in the

midbody region (32). The detached sarcomeres remain

interconnected serially like vertebrate myofibrils, through

dense bodies and attachment plaques between cells. Dur-

ing contraction, the muscle strand applies forces to the

cuticle anterior and posterior to the midbody region.

When these mutants locomote. the body tube is seen to

buckle as the wave of contraction passes into the midbody

(Fig. 2C and 2D). Kinking is greatest in dorsal bends

where the detached ventral muscle bands could slip the

farthest across the pseudocoelom from their normal posi-

tion, thus producing a greater component of force perpen-

dicular to the cuticle. Anows indicate displacement of

the intestine (refractile lumen) by the muscle. Mutations

in the itiiici (muscle attachment) genes similarly result

in muscle detachment and kinking (Plenefisch and

Hedgecock, pers, comm.).

Oblique striations are observed in longitudinal sections

of C t'legaiis and radial sections of Mermis (Fig, 1), The

oblique pattern is due to the displacement of adjacent

columns of sarcomeres along one of the longitudinal di-

mensions. The actual angle of oblique striation could not

be shown in Figure 1 but is seen in Figure 3A. a diagram

illustrating to scale a surface view of the basal lamina

and the dense body attachment sites. In all nematodes

described the striation angle is 5°-7° with respect to the

myofilaments (13-14, 16, 33) and depends on degree of

contraction (12),

Contraction of obliquely striated muscle occurs by a

sliding filament mechanism. But unlike cross-striated

muscle, the angle of striation with respect to the filament

axis increases with contraction while the amount of stag-

ger between adjacent sarcomeres decreases. To date, the

discussion of this motion in the literature (1-2, 8, 1
1

-

12) has not considered the constraining role of the lateral

attachment of the sarcomeres to the basal lamina and

cuticle. This attachment maintains the staggered position

and spacing of the columns of sarcomeres at rest. During
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Figure 3. Surface view of nematode body wall muscle cell showing

distribution of dense body attachment sites (dots) to the basal lamina:

(A) with observed T oblique striation, and (B) rearranged as if it were

cross-striated. The lines in the first column of sarcomeres indicate orien-

tation of the thin filaments. Three complete sarcomeres are illustrated

in each diagram. Longitudinal dimension is vertical. The pattern in (A)

was drawn to scale from a surface view of C. elegans body-wall muscle

photographed under phase optics published by Francis and Waterston

(16). The same pattern is seen in radial sections of coelomyanan muscle.

the shortening of sarcomeres, the change in both stagger

and striation angle must be governed by the elastic proper-

ties of the basal lamina and cuticle. Figure 3A illustrates

the actual distribution of dense body attachment sites on

the basal lamina. The system can be modeled by transfer-

ring the pattern of attachment sites onto a rubber mem-

brane that has been previously stretched along the myo-

filament axis. The rubber membrane is thus equivalent to

the basal lamina and cuticle under isometric tension.

When the rubber membrane is allowed to shorten (equiva-

lent to muscle contraction), the pattern width increases,

the amount of stagger decreases, and the striation angle

increases. Thus, the elastic properties of the membrane

govern how the pattern is deformed during shortening.

The previously hypothesized link between shearing and

angle of striation in obliquely striated muscle (3) must,

at least in nematodes, be the elastic basal lamina and

cuticle to which the sarcomeres are attached.

What is the significance of the oblique arrangement of

sarcomeres? We propose that it distributes the attachment

sites more evenly over the basal lamina. Compare the

distributions with sarcomere attachment sites displaced

longitudinally (Fig. 3A) and arranged orthogonally as if

cross-striated (Fig. 3B). With oblique striation, the sar-

comere compression zones overlap, the attachment sites

are spread apart, and a more even loading pattern is gener-

ated within the basal lamina. The lateral transmission of

sarcomere contraction and the staggering of the sarcomere

attachment sites should result in essentially continuous

compressive loading of the adjacent cuticle and a smooth

bend in the body tube.

Oblique striation has been described for muscles of

platyhelminths, nematodes, gastrotrichs, nematomorphs,

priapulids, pogonophora, chaetognathes. annelids, mol-

luscs, brachiopods, and an echinoderm (3-7, 9), and

dense bodies are an obvious feature in all taxa. A provoca-

tive question is to what extent the lateral transmission of

contractile force and the even distribution of attachment

sites on the basal lamina—discovered in nematode body

wall muscles— are significant architectural features of

other obliquely striated muscles.
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Abstract. Erythrocytes have long served as model cells,

useful for analyzing cytoskeletal structure and function.

In non-mammalian vertebrates, erythrocytes are typically

highly flattened, nucleated ellipsoids in which a marginal

band (MB) of microtubules interacts with the membrane

skeleton (MS) to generate and maintain cell shape.

Though relatively rare, erythrocytes also occur in repre-

sentatives of many invertebrate phyla, including the arcid

and vesicomyid molluscs, but the structure and function

of these cells are not well understood. Previous work has

shown arcid erythrocytes to be highly flattened ellipsoids

containing the MB-MS cytoskeletal system, similar to

vertebrates but with an additional interesting feature; a

functional centriole-containing centrosome associated

with each MB. In the present study we have examined,

for the first time, erythrocyte morphology and cytoskeletal

structure in a vesicomyid. Using Calyptogena kilmeri, the

dominant invertebrate at many Pacific cold seeps, we have

found that the erythrocytes are only slightly flattened and

do not contain MBs. Rather, their cytoskeletons display a

peripheral centriole-containing centrosome with radiating

fibers, a distinctive type of organization not observed pre-

viously in mature erythrocytes from any species.

Introduction

Hemoglobin-bearing erythrocytes are found in all ver-

tebrates and have long been utilized for studies of cy-

toskeletal organization and function. In adult mammals

Received 2 July 1997; accepted 5 December 1997.

*To whom correspondence should be addressed. E-mail: cohen@

genectr.hunter.cuny.edu

the erythrocytes are typically anucleate discoids, with a

cytoskeletal system consisting principally of the mem-

brane skeleton (MS). In adult non-mammalian vertebrates

and mammalian embryos the mature erythrocytes are nu-

cleated, flattened ellipsoids or discoids, and the cytoskele-

ton characteristically includes a marginal band (MB) of

microtubules. The MB resists mechanically and osmoti-

cally induced shape deformation in normal mature cells,

and abnormally pointed MBs generate abnormally

pointed cells, presumably by MS deformation (Joseph-

Silverstein and Cohen, 1984). Mechanical interaction be-

tween these two cytoskeletal components is thus believed

to be important for morphogenesis and maintenance of

cell shape in nucleated erythrocytes (Cohen, 1991;

Winckler and Solomon. 1991).

Invertebrates with erythrocytes are relatively rare, but

phylogenetically diverse; they include representatives of

the annelids, brachipods, echinoderms. echiurans, mol-

luscs, priapulids. and sipunculans. These invertebrate

erythrocytes vary with respect to morphology and type

of respiratory protein, and the MB-MS cytoskeletal sys-

tem may or may not be present. The role of these cells is

incompletely understood, with several workers suggesting

that erythrocytes may be multifunctional in some species

(e.g., Terwilliger et al.. 1985). Comparative studies of

cytoskeletal organization in invertebrate erythrocytes

might, therefore, help to shed light on the functions of

these cells.

Among the molluscs, erythrocytes appeal" in representa-

tives of the arcid and vesicomyid bivalves (Terwilliger

et al.. 1983; Cohen and Nemhauser, 1985; Nagel, 1985).

Previous work on arcid species— including Anadara

transversa. A. ovalis. and Noetia ponderosa from coastal
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waters of the eastern United States— has demonstrated that

the MB-MS system is present and functional in mainte-

nance of cell shape (Cohen and Nemhauser, 1980; Nem-
hauser et ai. 1983; Joseph-Silverstein and Cohen. 1984,

1985). Each MB also has an associated centrosome con-

taining a pair of centrioles, an unusual feature not observed

in mature erythrocytes of vertebrates (Cohen and Nem-

hauser, 1980; Cohen, 1991). This centrosome remains

functional as a microtubule organizing center— as demon-

strated by experimentally induced MB reassembly in the

living cells (Nemhauser et ai, 1983)— and is presumed to

be the same centriole that was involved in MB biogenesis

during erythrocyte differentiation. Erythrocytes of the Aus-

tralian species A. trapezia and several related Japanese

bivalves have a virtually identical centrosome-containing

cytoskeleton (Ochi, O,. and Cohen, W. D., 1984, and Co-

hen, W. D., 1989. unpubl. obs.). indicating that this feature

is a general characteristic of arcid erythrocytes.

In contrast with the arcids. cytoskeletal structure in

vesicomyid erythrocytes has never been described. Of

those vesicomyids with erythrocytes, Calyptogena mag-

nifica is best known because it populates well-explored

Pacific hydrothermal vent communities (Boss and Turner,

1980; Johnson et ai, 1988b; Fisher et ai, 1988) and

because its erythroid hemoglobin has been studied (Ter-

williger et al, 1983). Most (perhaps all) other Calypto-

gena species with erythrocytes inhabit "cold seeps," sites

that have high levels of hydrogen sulfide, low levels of

oxygen, and high hydrostatic pressures in common with

hydrothermal vents (McHugh et ai, 1992; Barry et ai.

1997a; Vrijenhoek et ai, 1994). The principal difference

between the two environments is that hydrothermal vents

are characterized by fluctuating and frequently elevated

temperatures (Johnson et ai, 1988a), whereas cold-seep

temperatures are similar to those of surrounding waters

and are relatively constant. Vesicomyid bivalves inhab-

iting cold seeps in the Monterey Canyon— including Ves-

icomya gigas, V. steamsii, Calyptogena kilmeri, and C.

pacifica— experience a temperature range of only 4-6°C

(Barry, J. P., pers. comm.). Of these species, C. kilmeri

is the most abundant at several cold-seep sites routinely

sampled by the remotely operated vehicles (ROVs) of the

Monterey Bay Aquarium Research Institute.

Seeking to determine whether molluscan erythrocytes

have a common cytoskeletal organization, we undertook

to compare the structure of vesicomyid erythrocytes with

that known for erythrocytes of the arcids. We report here

the first examination of cell morphology and cytoskeletal

structure in vesicomyid erythrocytes, those of C kilmeri.

Materials and Methods

Experimental material

Clams (C. kilmeri. Fig. 1) were collected by the ROV
Ventana from the Monterey Bay cold-seep locale known

Figure 1. Calyptogena kilmeri. Animals were collected by a re-

motely operated vehicle (ROV) and maintained in aquaria in a closed

filtered seawater system at 6°C.

as "Clam Field" (Barry et ai. 1997b). They were main-

tained for one to several days in laboratory seawater tanks

at 6°C, approximately the temperature of their native habi-

tat. The animals were opened with a scalpel, and the

bright red. flowing blood (hemolymph) was collected in

a plastic tray and used immediately in experiments. De-

pending on the experiment, hemolymph was collected

either at 22°C (room temperature) or at 6°C (coldroom).

Erythrocyte cytoskeletons were prepared, in general, by

lysis of cells with nonionic detergents under microtubule-

stabilizing conditions. Immediately after collection

(<30 s) the hemolymph was diluted about 1:20 into Brij

lysis medium or Triton lysis medium. The Brij lysis me-

dium contained 100 mM piperazine-N,N'-bis(ethanesul-

fonic acid) [PIPES buffer], 5 niA/ ethylene glycol-bis-

(/5-aminoethyl ether) n,n'-tetraacetic acid [EGTA], 1 mM
MgClo, pH 6.8, plus 0.6% Brij-58. The Triton lysis me-

dium was similar except that it contained 0.4% Triton X-

100 instead of Brij-58. In some cases, 0.1% glutaralde-

hyde was included in the medium for additional rapid

post-lysis stabilization. These media had been effective

previously for preparing erythrocyte cytoskeletons from

a wide range of vertebrates and invertebrates, including

the archid genera Noetia and Anadara (Nemhauser et ai,

1983; Cohen and Nemhauser, 1985; Cohen, 1991).

Microscopy

Cells for morphological examination were either un-

fixed, or fixed immediately (<30s) by dilution (about

1:20) of hemolymph into marine molluscan Ringer's solu-

tion (Cavanaugh, 1975) containing 0.1% glutaraldehyde.

Information on cell shape was obtained by observing cells

while they were stationary in the medium on a slide, as

well as while they were tumbling in flow. Observations
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and photomicrographs of the cells and their cytoskeletons

were made with a Zeiss Axioscope equipped with an

Olympus 35-mm camera system with focusing eyepiece,

and phase contrast optics including a lOOx Plan-Neofluar

objective (NA 1.3).

For transmission electron microscopy of cytoskeletons,

fresh hemolymph obtained at 6°C was diluted into Triton

lysis medium containing 0.1% glutaraldehyde, incubated

1 h at about 22°C, stored 3 days at 0°C with glutaralde-

hyde added to 1 %, and post-fixed 1 h in 1% OsOa buffered

with 0.1 M KH2PO4-KOH at pH 6.8. After ethanol dehy-

dration, the material was embedded in Polybed 812

(Polysciences, Inc.), thin sectioned with a diamond knife,

stained with uranyl acetate and lead citrate, and examined

with a Hitachi H-600 transmission electron microscope.

Results

Cell morphology

The erythrocytes were generally ellipsoidal, but irregu-

lar in size and contour (Fig. 2a). Observations made as

they tumbled in flow under coverslips showed that the

cells were somewhat flattened, but relatively thick (Fig.

2b, c). The shape of the C. kilmeri erythrocytes was the

same whether examined in living cells or in cells fixed

immediately upon collection of the hemolymph.

Cytoskeletal structure

In different experiments, erythrocyte cytoskeletons

were prepared from hemolymph collected either at room

temperature (~22°C) or at cold-seep temperature (cold-

room at ~6°C); the lysis media were also maintained

either at ~22°C or ~6°C. Examination by high resolution,

phase contrast light microscopy revealed, in most cells,

a peripheral pair of closely opposed phase-dense "dots""

of uniform size (Fig. 3a-d: arrowheads). In highly flat-

tened samples, this structure was clearly resolvable as a

centriole-containing centrosome from which straight fi-

brous material radiated (Figure 3e-g). However, circum-

ferential MBs of microtubules were not present.

The cytoskeletal structure observed was not induced

by temperature during the experimental procedure. Pe-

ripheral pairs of centrioles with radiating fibers were ob-

served in the cytoskeletons whether the hemolymph was

collected at ~22°C or — 6°C, or whether lysis was

achieved with media at either temperature. We did note,

however, that cytoskeletons tended to collapse closer to

the nucleus more frequently when the cells were collected

and lysed at the lower temperature; thus, our stabilization

media were not as effective at that temperature.

Although the paired, phase-dense "dots'" were similar

to those observed previously in phase contrast and subse-

quently identified as centrioles in Noetia and Aiuuiara

(Cohen and Nemhauser, 1980, 1985), transmission elec-

tron microscopy of thin sections was used to verify their

identification in Calyptogemi. The cytoskeletons were

found to contain classic pairs of centrioles measuring

about 0.22 X 0.32 ^m (Fig. 4a-c), with typical 9-triplet

ultrastructure (Fig. 4d), and microtubules observed fre-

quently in their vicinity did not emanate directly from the

centriolar triplets (Fig. 4a-c). In many cases a mass of

electron-dense material was observed in association with

one or both centrioles (e.g.. Fig. 4b, d, arrowheads).

Discussion

With their generally ellipsoidal and partially flattened

irregular shape, the C. kilmeri erythrocytes differed con-

siderably in morphology from those of arcids, which are

much flatter and smoother in contour when first removed

from the animal (Cohen and Nemhauser, 1985). In addi-

tion, the shape of the vesicomyid cells remained stable.

Figure 2. Fixed erythrocytes of CalypUit>emi kilmeri, observed by phase contrast microscopy, (a)

Erythrocytes were generally ellipsoidal, but irregular in size and contour; (b, c) face and edge views,

respectively, of the same cell, observed as it tumbled in flow. The erythrocytes are thus found to be

somewhat flattened but relatively thick, and the shape of unfixed cells is similar (not shown).
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Figure 3. Cytoskeletons of Ciilypt(>i>enii kilnwri erythrocytes; phase contrast microscopy, (a-d) Exam-

ples of cytoskeletons in which centrioles are resolved as a pair of phase-dense "dots" (arrowheads); (e-

g) cytoskeletons flattened under the coverslip to improve visualization of fibers (f) radiating from the

centrosomal region. Marginal bands of microtubules are not present. Conditions: (a) and (e-g). Brij lysis

medium, no glutaraldehyde; (b. cl, Triton lysis medium + glutaraldehyde; (d). Brij lysis medium +

glutaraldehyde.

whereas arcid erythrocytes, if left in their own hemo-

lymph. undergo a spontaneous, reversible morphological

transformation to lumpy spheroids within about 5 min

(Sullivan. 1961: Dadacay et al.. 1996).

Cytoskeletal structure in these vesicomyid erythrocytes

was distinctive. Fibers radiated from prominent centro-

somes containing centriole pairs similar to those of arcid

erythrocytes, but. in contrast to the arcid cells, the vesico-

myid erythrocytes contained no MB. So far as we have

been able to determine, this kind of organization has not

been observed previously in erythrocytes of any other

species. Our survey encompasses annelid, brachiopod,

echinoderm, echiuran. molluscan. priapulid. and sipuncu-

lan representatives among the invertebrates (Table 1 ). as

mt f^

Jf'
.25tJm

Figure 4. Centrioles in cytoskeletons as observed by transmission electron microscopy of thin sections,

(a-c) Longitudinal and oblique views; (d) cross-sectional view showing 9-triplet cylindrical ultrastructure.

Adjacent microtubules or microtubule bundles (ml) did not emanate from the centriolar triplets (a-c).

Electron-dense material was sometimes observed close to the centrioles (b. d; arrowheads).
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Table I

Sun'ev of cywskeletal orgunizauoi] in imertehrate erythrocytes

Phylum.' species
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daughter cell having received one pair. This implies the

existence of control mechanisms that reprogram or switch

centrosome function from mitotic spindle organization to

erythrocyte morphogenesis and shape maintenance.

Among the species in Table I. in addition to C. kilmeri.

there are five in which erythrocyte MBs are lacking. How-

ever, these species also lack the centrosomal organization

found in C. kilmeri erythrocytes, verified by examination

of cytoskeletons as in the present work (Nemhauser,

1981). The best studied of these cases are instructive.

The hemoglobin-bearing erythrocytes of Pista pacificu.

Glyceni clibranchiata. and Urevhis caitpo are all spherical

(Terwilliger et ciL. 1985; Pierce and Maugel. 1985). and

the coelomic hemerythrin-containing cells of Themiste

dxscrita are described as varying from disks to spheres

(Terwilliger et ai. 1985). Absence of the MB is thus

conelated with absence or loss of morphological asymme-

try. Conversely. MB presence is correlated with mainte-

nance of marked erythrocyte flatness, as in the Arcidae

(Cohen and Nemhauser, 1985). The unusual cytoskeletal

organization of C. kilmeri erythrocytes might then be

viewed as functioning to maintain an equally unusual

intermediate morphological state, that of limited cell flat-

tening.

The value of erythrocyte flattening to an organism can

be at least twofold. First, reduction of diffusion distances

is generally acknowledged to facilitate respiratory gas

exchange, and second, flattening reduces the work re-

quired to maintain "blood" flow by reducing its viscosity

(Fischer, 1978). The latter helps to explain why blood

cells other than erythrocytes, including mammalian plate-

lets, non-mammalian vertebrate thrombocytes, and inver-

tebrate clotting cells such as Limiiliis amebocytes (Arm-

strong, 1985) are also highly flattened. All of these cell

types also contain MBs. Conversely, for organisms with

spherical erythrocytes, we might speculate that rapid res-

piratory gas exchange and the requirement for reduced

viscosity are not as critical.

In inteipreting the data, potential artifacts must be con-

sidered. We note that the habitat of C. kilmeri is character-

ized in part by relatively high pressures, with a depth

range of ~0.5-5 km for cold-seep vesicomyids in gen-

eral, and ~0.9 km at "Clam Field" (Orange, D. L., and

Barry, J. P., pers. comm.). Since our findings were

obtained from animals brought to sea level, it might

be hypothesized that arcid-like MBs with associated

centrosomes occur in vesicomyid erythrocytes under na-

tive conditions and become disorganized by the pressure

reduction. We believe this to be quite unlikely; as shown

in many studies (summarized in Dustin, 1978, 1984), it is

increased hydrostatic pressure that can cause microtubule

disorganization. Data relevant to this question might be

obtainable by fixing material in situ at the time of speci-

men collection, but we have found that fixation of whole.

unlysed bivalve erythrocytes (both arcid and vesicomyid)

traps sufficient hemoglobin to obscure cytoskeletal ele-

ments in thin sections for transmission electron micros-

copy and to render immunofluorescence light microscopy

ineffective. Indeed, blood must be withdrawn and the cells

lysed. as in the present work, if the entire cytoskeleton is

to be viewed. Such procedures would be problematic at

the depths and under the challenging physical conditions

characteristic of the cold seeps.

A second possible source of artifact would be a sponta-

neous change of erythrocyte shape occuiring in the hemo-

lymph shortly after collection, as observed previously in

arcid erythrocytes (Cohen and Nemhauser, 1985; Dada-

cay et ai, 1996) and in coelomic erythrocytes of a sipun-

culan, T. dyscritu (Terwilliger et a!., 1985). In the present

work, this is not a factor. Although, in the absence of

prior data, precautions were taken by preparing cytoskele-

tons and fixed cells immediately upon obtaining the he-

molymph, such shape alteration was not observed in the

vesicomyid erythrocytes.
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Abstract. The serpulid polychaete Hydroides elegans

is a common, cosmopoHtan warm-water biofouHng organ-

ism. Competent larvae of H. elegans metamorphose rap-

idly after induction by marine biofilms. Only 15 niin after

coming in contact with the metamorphic cue, larvae have

completed secretion of the primary tube; secretion of the

secondary, calcareous tube begins 1 .5 h after the primary

tube has been deposited. Metamorphosis is characterized

by disappearance of the prototroch and differentiation of

the tentacular crown in the head region, the collar and

thoracic membrane in the thoracic region, and the pygid-

ium at the tip of the abdomen. These morphogenetic

events were used to gauge the responses of larvae to

biotilms, as well as to the artificial inducers Cs* and K*.

A maximal metamorphic response to the two ions requires

exposure to different concentrations and durations, i.e.. a

3-h pulse of 10 mM CsCl, or a 24-h continuous exposure

to 50 mM excess KCl. The metamorphic response to Cs^

or K^ is much slower than the response to biofilms, dem-

onstrating that the tissues respond differently to artificial

inducers. The differences in the kinetics of the responses

to the natural and cationic inducers suggest that the induc-

tion mechanisms are not the same. When these artificial

inducers were used, some, but not all, of the metamor-

phosed juveniles never attached to the substratum or se-

creted a primary tube, probably as a result of secondary

effects of the ions on processes of tube formation. The

exact mechanisms by which Cs* and excess K^ induce

metamorphosis are still unclear, although we assume, as

do others, that these agents act by depolarizing the mem-

branes of excitable sensory cells and not by interacting

with specific receptors.
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Introduction

The influence of ions on invertebrate metamorphosis,

first reported by Miiller and Buchal ( 1973) for the larvae

of Hydractinia echinata more than 2 decades ago, has

been demonstrated for a large number of species (summa-

rized in Herrmann, 1995: WooUacott and Hadfield, 1996).

Monovalent cations, particularly K* and Cs*. are clearly

established as potent inducers of metamorphosis in sev-

eral groups, although they are ineffective in some species

and actually inhibit metamorphosis in others (Rittschof

et ai. 1986: Eyster and Pechenik, 1988: Morse et ah,

1988: Rowley, 1989). Metamorphosis in response to ex-

cess K* has been reported for seven phyla, and to Cs* in

at least four phyla. How and where these ions act in the

metamorphic pathway and how their action is related to

that of natural inducers remain unclear.

The most direct approach to metamorphosis-inducing

mechanisms of cations and other artificial inducers would

be a series of electrophysiological studies of larval sen-

sory organs made during the development of competence.

Unfortunately, the small size of most invertebrate larvae

makes such studies difficult or impossible. The more

usual approach is illustrated by some studies on gastropod

larvae. Larvae of the tropical nudibranch Phestilla sibo-

gae respond to choline (Hirata and Hadfield, 1986) and

excess K" induction (Yool et ai. 1986: Pechenik et ai.

1995) only after they are competent to respond to the

natural inducer (an extract of coral). In contrast, larvae

of the prosobranch gastropod Crepidula fornicata do not

become responsive to natural cues until 12 to 24 h after

they can be induced to metamorphose by excess K"^

(Pechenik and Gee, 1993). Differences in the timing of

sensitivity to the different inducers has been interpreted

as indicative of operation at different sites in an inductive-

transduction pathway, but the mechanisms by which vari-

14
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ous artificial inducers act may also develop at different

rates.

In the present research, we exposed larvae of Hydmides

elegans to a natural biofilm and produced a detailed time-

table of the resulting events of settlement and metamor-

phosis. We then compared this developmental timetable

with one describing the metamorphic events induced by

the monovalent cations Cs* and K* when groups of sib-

ling larvae were exposed to the different inducers at the

same ages. Because nearly all who have used potassium

as an inducer of metamorphosis in invertebrate larvae

hypothesize a role for depolarization in induction {e.g..

Yool et al., 1986). inductions were also carried out in the

presence of a K^-channel blocker. These investigations

took advantage of previous work in our laboratory that

demonstrated that larvae of H. elegans settle preferen-

tially on well-developed marine biofilms, where dominant

bacterial species or their extracellular products appear

to be the source of a metamorphic cue (Hadtield et al.,

1994).

Materials and Methods

Collection of adults and culture of larvae

Adults of Hydroides elegans were collected from Pearl

Harbor, Hawaii, and kept at the Kewalo Marine Labora-

tory of the University of Hawaii in 12.5 X 46 X 15 cm
trays supplied with running seawater. When gametes were

needed, several worms were removed from their calcified

tubes, whereupon they released eggs or sperm into the

seawater, where fertilization occurred. Embryos were cul-

tured at 5-10/ml in glass beakers at room temperature

(24°-26°C) in 2 1 of natural seawater that had been passed

through a 0.22-^m filter (FSW). After 48 h. when they

had achieved the trochophore stage, the larvae were col-

lected on a 41-/ym mesh sieve and transferred to a beaker

containing 2 1 of freshly filtered seawater. The larvae were

fed daily on Isochrysis galbana "Tahitian Strain" at a

density of about 60.000 cells/ml. The larvae were subse-

quently transferred to fresh seawater and fed daily until

they attained metamorphic competence as three-seg-

mented nectochaetes. usually 4-5 days after fertilization.

Competence is defined as the ability of larvae to settle

and metamorphose when exposed to a well-developed

marine biofilm.

Induction of metamorphosis

Microscope slides were suspended in laboratory tanks

supplied with running seawater: after 3 days the slides

had accumulated sufficient biofilm to induce metamor-

phosis of 5-day-old competent larvae. Ten to twenty lar-

vae were added to a drop of seawater on a biofilmed slide,

and a supported coverslip was placed over the drop. The

seawater beneath the coverslip was replaced periodically

by adding fresh seawater with a pasteur pipette at one

end of the coverslip and removing the seawater from the

other end with absorbent paper. Under these conditions,

larvae remained healthy beneath the coverslips for up to

20 h and completed normal metamorphosis. For 14 h after

being placed on the biofilmed slides, the larvae were vid-

eotaped at 16X magnification through a compound micro-

scope. Images were recorded for 30-60 s approximately

every 15 min during the first hour, and about once per

hour after that. The series of events from exposure to the

biofilm to completion of metamorphosis was character-

ized by frame-by-frame analysis of the videotape.

Assay methods

Competent larvae aged 4-6 days were used in all ex-

periments except those in which the ontogeny of the meta-

morphic response was examined: in the latter, testing for

induction began 3 days after fertilization. All assays were

conducted in 5-ml plastic petri dishes using either FSW
or artificial seawater (ASW) (Cavanaugh, 1956). Twenty

to sixty competent larvae were pipetted into each dish

containing a test solution, and the number of larvae that

had metamorphosed was determined 12. 24. 48. or 72 h

after the initial induction by observing the larvae through

a dissecting microscope. Larvae were considered to have

metamorphosed when they had resorbed the prototroch,

showed the characteristic differentiation of the body re-

gions that distinguish the juvenile worm and had devel-

oped branchial rudiments that indicate early juvenile de-

velopment.

Five different experiments were conducted to test the

effects of Cs* and excess K^ as artificial inducers.

Continuous exposure. Larvae were exposed to the test

solution throughout the experimental period. Response to

excess K* was tested in seawater with KCl concentration

increased by 10, 20, 30, 50, 60, 80, 100, or 150 mA/.

Effects of Cs^ were tested by adding CsCl to seawater at

2.5, 5, and 10-80 mM in 10-mM steps.

Pulse exposure. Larvae were exposed to the test solu-

tion for a determined period and then transferred to seawa-

ter free of added ions. In some experiments, larvae were

removed from the solution by collecting them on 41-/7m

mesh, and in the remainder most of the water was re-

moved from the larval dish with a 5-ml automatic pipettor

with a filter across its tip. In both cases the solution was

replaced with fresh FSW in which the larvae remained

until the end of the experiment. Pulse durations of 20,

40. and 60 min. and 3. 4, 6, 24, and 48 h, were used with

20, 30, and 40 mM excess K^, and shorter pulses of 3,
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10, 15. 60, and 120niin were employed with 60, 70,

and 80 mM excess K". In the cesium experiments, pulse

durations were 1, 1.5, 2. 3,4.5. 6. 7. and 24 h with 10 mM
CsCl as the metamorphic inducer.

Interactions among inducers. Larvae were exposed to

a marine biofilm (the natural inducer) in seawater con-

taining 50 mM excess KCl for 24 h. or 10 mM CsCl for

3 h. After these periods, the biofilm was retained, but the

medium was replaced with unaltered seawater. Metamor-

phic responses were compared with those of larvae in-

duced with a biofilm alone, with excess KM 50 mM) for

24 h, or with Cs* (10 mM) for 3h alone.

Effects of the potassium-channel blocker tetraethylam-

monium chloride (TEA). Four concentrations of TEA (1,

10, 15, and 30 mM) were tested for their effect on meta-

morphosis in the presence and absence of inducers. When

excess K* or Cs^ was used, TEA remained in the treat-

ment for the same amount of time as the inducer (24 h

for excess K" and 3h for Cs^), after which solutions

were replaced with fresh FSW. When a biofilm was used

as the inducer, the larvae remained in the presence of

biofilm and TEA during the experiment ( 12 h).

Ontogeny of the response to inducers. To observe the

ontogeny of the metamorphic response to ionic inducers,

optimum concentrations of the ions, determined as de-

scribed above, were used. From a single batch of devel-

oping larvae, a subset was induced to metamorphose ev-

ery day beginning 3 days after fertilization. For this exper-

iment, larvae were cultured at an initial density of 5/mI.

After each experiment, the density of the larvae remaining

in the stock culture was readjusted to maintain 5/ml. An

additional experiment was performed to quantify how fast

larvae respond to a biofilm as inducer. Larvae (ages 3, 4,

and 5 days) were exposed to a biofilm, and the number

of larvae that began to secrete a primary tube was deter-

mined at 5-min intervals during the first 15 min, at 30-

min intervals for the next 3 h. then at 6, 8, 20, and 22 h.

and at 24 h when the experiment terminated.

In all experiments, pieces of plastic mesh coated with

bacterial biofilm in the laboratory seawater tables were

used as a positive control to determine that the larvae

were metamorphically competent. A negative control, in-

cluded to measure spontaneous metamorphosis, consisted

of placing larvae in FSW or ASW in clean plastic petri

dishes during the experimental period. In experiments

with pulse exposures to excess K* or Cs", larvae in the

negative controls were sieved, or the water was removed,

in the same way and at the same time as in the experimen-

tal treatments to duplicate the manipulation of the larvae

in the experimental treatments.

Stock solutions of 1 M KCl, 0.542 M CsCl, and 1 M TEA
(Sigma Chem. Co.) dissolved in FSW or ASW were used

to make up test solutions. Each experiment was repeated at

least three times, except that the response to biofilms with

respect to larval age was tested in only one experiment.

Data presented here are those from experiments in which

minimum and maximum values were recorded in the nega-

tive (FSW or ASW) and positive controls (substratum coated

with bacterial biofilm). respectively.

Statistical analyses

Proportional response data were arc-sine transformed,

and statistical differences among treatments were tested

with one-way ANOVA or Kruskal-Wallis ANOVA of

ranks when equal-variance tests failed. Pairwise multiple

comparisons were tested using the Student-Newman-

Keuls method. All tests were conducted with the aid of

SigmaStat software.

Results

Induction and completion of metamorphosis

When 3-, 4-, and 5-day-old larvae of Hydroides elegans

were exposed to a natural biofilm, only 5-day-old larvae

responded to the metamorphic cue during the first hour.

Typically 80% of the 5-day-old larvae settled and began

metamorphosis; no metamorphosis was detected when 3-

day-old larvae were exposed to a biofilm, and only low

percentages (39%) of 4-day-old larvae responded to the

inducer after 22 h (Fig. 1).

Five-day-old competent larvae started to crawl on the

bottom of the dish within 5 min of being exposed to a

biofilm. Each larva secreted a sticky thread from its poste-

rior end, and then immediately began secreting the pri-

mary tube. Larvae appeared to secrete the primary tube

from most of the trunk surface and to shape it by rolling

and moving back and forth within it. and periodically

erecting their setae, apparently to push the tube material

away from the body. Secretion of the primary tube, com-

pleted 10-15 min after the initial response to the biofilm,

defines the permanent attachment of the larva. As the

primary tube is being secreted, the prototroch is resorbed,

the larval body elongates, the collar region becomes ap-

parent due to anterior and posterior constrictions, and the

pair of lobes that will form the branchial radioles becomes

apparent on the anterior surface of the head (Fig. 2). At

this point, metamorphosis is complete.

Secretion of the calcareous tube at the anterior edge

of the primary tube begins about 1 .7 h after the induc-

tion of metamorphosis, and new material is then added

to the calcareous tube more or less continuously. As the

calcareous tube is being secreted, the branchial radioles

grow out from the anterior lobes signaling the initiation

of juvenile development. The primary tube is never
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Figure 1. Percentage of larvae of Hydroides eleguns that settled and formed a primary tube after

exposure to a marine biofilm. Larvae were 3. 4. or 5 days old at the beginning of the experiment. As a

control, 5-day-old larvae were maintained in filtered (22 /jm) seawater without an inducer. Plotted are mean

percentages of larvae making a primary tube ± 1 SE (h = 4 replicates/treatment). Insert: detail of the

response of larvae during the first 4 h after exposure to a biofilm; symbols are the same as in the main

figure.

calcified, and the juvenile has moved completely out

of it by 7 h after beginning to metamorphose (Fig. 2).

Continuous and pulse exposure to metamorphic

inducers

Effects of excess K* . Excess K^ in seawater caused

competent larvae of Hydroides elegans to metamorphose

(Fig. 3A). This response was dependent on both duration

of exposure and concentration. Up to 77% of competent

larvae metamorphosed within 72 h when exposed to

50 mM excess K* for 24 h. Concentrations higher than

50 mM K* resulted in fewer metamorphosed larvae, and

concentrations higher than 60 mM were toxic. Periods of

exposure to excess K* longer than 24 h resulted in lower

frequencies of metamorphosis. Pulse exposure (3, 10, 15,

60, and 120 min) to excess K"" (a60 mM) induced only

low percentages of metamorphosis (about 6.5%).

In K* treatments, some of the metamorphosed larvae

(35%-63%) were unable to secrete primary and second-

ary tubes, even after they were returned to filtered seawa-

ter. Despite their tubeless state, some of these worms

survived when fed single-celled algae; they grew for up

to 2 months, when the cultures were discarded.
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Oh
(induction)

0.8 h 1.7 h 2.4 h

3.8 h 5.3 h 7.1 h

100 urn 11.3 h

Figure 2. Time course of metamorphosis in Hydrcudes eleguns.

Frames represent a competent larva at the moment of induction to meta-

morphosis (0 h) and selected stages for the first 11. 3 h after induction,

p: prototroch, c: collar, b: branchial lobes, it: initiation point of calcare-

ous tube, ba: branchial radioles, t: calcareous tube covering the worm.

Effects of Cs^ . Larvae of H. elegans metamorphosed

when exposed to Cs^ in seawater. This response was

dependent on concentration and duration of exposure.

When the larvae were continuously exposed for 24 h to

different concentrations of CsCl. the maximum response

occurred with 5 niM Cs* 48 h after induction (24% meta-

morphosis) (Fig. 3B). Larvae exposed for 24 h to concen-

trations of CsCl higher than 5 mM showed increasing

signs of toxicity. In lOmM CsCl. the branchial crown

began to form, but never developed further. In the 20-mjW

treatment, the larvae became immobile on the bottoms of

the dishes, and at concentrations of 30 mM and higher,

they died. CsCl applied in pulses of 3

—

1.5 h produced

maximal responses (49%) (Fig. 4A); increases in neither

concentration nor length of exposure produced a higher

percentage of metamorphosis. At 50 mM Cs*, elongated

larvae were observed on the bottoms of the dishes; at

higher concentrations, the larvae died (Fig. 4B).

Interactions aiuoiii; inducers

Metamorphosis in response to a biofilm was greater than

'-)0% in both the presence and absence of excess K^, and

these values were significantly higher at 48 h (P < 0.05)

than those obtained when the larvae were exposed to excess
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10 21) 30 40 .so (,o BIO FSW
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Figure 3. Metamorphosis of Hydroides elegans exposed to ionic

inducers. (A) Exposure to excess K* in FSW for 24 h; (B) exposure to

CsCl in FSW for 24 or 48 h. Bars indicate mean percentages of larvae

that metamorphosed ± 1 SE (/; = 4 replicates/Ireatment). evaluated 24

and 48 h after removal of excess K*. or initial exposure to CsCl. BIO
= substratum coated with a marine biofilm; FSW = seawater filtered

through 0.22-^m filter.
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Figure 4. Dose-response relationship for cesium applied as a pulse.

Metamorphosis of Hydroides ekf>aii.s after exposure to (A ) 10 mM CsCl

for 1.5 to 24 h; (B) 10 or 30 mW CsCl for 3 h. Concentrations higher

than 30 niM were toxic. Bars indicate mean percentages of larvae that

metamorphosed ± 1 SE (h = 4 replicates/treatment), evaluated 24 or

48 h after the beginning of the pulse. BIO = substratum coated with a

marine biofilm; FSW = seawater filtered through 0.22-^m filter; ASW
= artificial seawater.

K* alone (66%) (Fig. 5A). When larvae of H. elegans were

exposed to a biofilm in the presence of Cs*. metamorphosis

was higher than with biotiim or Cs* tested separately (Fig.

5B). These values were significantly different at 24 and 48 h

of inifial exposure to the inducers {P < 0.05). When larvae

were induced to metamorphose by a biofilm that had been

pre-soaked in seawater containing CsCl, percentages of

metamoiphosis were similar to those obsei-ved with biofilm

not exposed to Cs*, demonstrating that cesium ion has no

direct effect on the biofilm.

Effects of telraethylcimmoniiini chloride (TEA)

TEA inhibited metamorphosis in a concentration-de-

pendent manner when larvae were induced with excess

K"" or Cs"^. Significant inhibition of metamorphosis (P <

0.05) was found when 10 mM TEA was tested in the

presence of excess K"^ for 24 h (Fig. 6A), and when

A.

K+BIO BIO

Treatment

FSW

B.

o

Q.

O
E

Cs+BlO BlOprc

Treatment

Figure 5. Synergism in the effects of ionic inducers and biofilm

on metamorphosis of Hydroides elegans. (Al Metamorphosis of larvae

exposed to 50 mM excess K* for 24 h in the presence or absence of a

marine biofilm. (B) Metamorphosis of larvae exposed to a 3-h pulse of

10 mM CsCl in seawater in the presence or absence of a marine biofilm.

Bars indicate mean percentages of larvae that metamorphosed ± 1 SB

(;i = 4 replicates/treatment), evaluated 24 and 48 h after initial contact

with the inducers. K = 50 mM excess K* for 24 h; Cs = 3-h pulse of

10 mM CsCl; BIO = substratum coated with a marine biofilm; FSW =

seawater filtered through 0.22-^m filter; BlOpre = substratum coated

with a marine biofilm, soaked in 10 mM CsCl for 3 h and returned to

FSW before addition of larvae.
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30 mA/ TEA was tested in combination with a 3-h pulse

of Cs* (Fig. 6B). Metamoiphosis was reduced, but to a

lesser extent, when larvae were exposed simultaneously

to a biofilm and to 10 or 15 mM TEA (P < 0.05) (Fig.

A.

K +TEA
Biol'ilm

TEA
Filtered seawalcr

^ r^

Cs+ TCA
Cesium

Biofibu

TEA
Filtered scavvater

r^n .^r^

C.

= 60

o
E
«

L-S+.10 Cs»10 Cs»l Cs BIO 1(1 I"

Treatment

IT—I Biofilm+TEA

Biot'ilni

TEA
I Flllered scau aler

m ^ n n
BI015 BK>*10 Bill 15 10 FSW

Treatment

Figure 6. Inhibition of metamorphosis of Hydroides elegans by the

ion channel blocker tetraethylammonium chloride (TEA). (A) Effect of

TEA on metamorphosis in the presence or absence of 50 mM excess

K* in seawater for 24 h. (B) Effect of TEA on metamorphosis in the

presence or ab.sence of a 3-h pulse of 10 mA-/ CsCI in seawater. (C)

Effect of TEA in the presence or absence of a marine bioHIm for 12 h.

Bars indicate mean percentages of larvae that metamorphosed ± 1 SE

(;; = 4 replicates/treatment), evaluated 48 h after initial exposure to

excess K*, 24 h after initial exposure to CsCI, and 12 h after initial

exposure to a marine biofilm. K = 50 mM excess K* for 24 h: Cs =

3-h pulse of lOniM CsCI; 1, 10. 15 and 30 = mM concentrations of

TEA; BIO = substratum coated with a marine biofilm; FSW = seawater

filtered through 0.22-/jm filter.
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Figure 7. Metamorphosis of 3- to 6-day-old larvae of Hydroides

elegans from a single batch when exposed to different inducers. Larvae

were removed from the 10 mM CsCI after 3 h and from 30 and 50 mA/

excess K* after 24 h. Bars indicate mean percentages of larvae that

metamorphosed ± 1 SE (;i = 4 replicate.s/treatment). BIO = sub.stratum

coated with a marine biofilm; FSW = seawater filtered through 0.22-

^m filter.

6C). At the doses tested, 30 mM TEA was toxic after

24 h when tested with an organic biofilm or excess K*.

Ontogeny of the metamorphic response to biofilm. Cs*,

and excess K*

The metamorphic responses of larvae, as a function of

age (beginning at day 3) and inducing agent, were com-

pared. The earliest response was to biofilm, where 39%
of larvae metamorphosed after 24 h of exposure, i.e.. at

an age of 4 days. In contrast, only negligible numbers of

larvae exposed to either Cs^ or K* on day 3 metamor-

phosed, even after 48 h (Fig. 7); indeed the first responses

to Cs^ and excess K^ were recorded only 24 h after an
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initial exposure on day 4. The delayed response to ions is

more striking when maximal values are compared. When
metamorphosis was induced with excess K*, maximal

values were reached 48 h after induction, much later than

with a biotilm or Cs*. With all three inducers, maximal

values of metamorphosis were obtained with larvae 4 days

old or older, and the percentage of metamorphosis was

always higher in response to a biofilm than to Cs* or

excess K*. Larvae remained responsive to the inducers

through the last day of the experiment, when they were

6 days old.

Discussion

Morphogenesis during metamorphosis

When larvae of Hydroides elegans are exposed to a

well-developed marine biofilm, they respond rapidly by

exploring the surface of the substratum for 1-2 min, at-

taching, secreting a primary tube, and beginning to meta-

morphose, all within 1-15 min of initial exposure (Fig.

1). The main morphogenetic events of metamorphosis are

completed within 1 1- 12 h of initial contact with a biotilm

(Fig. 2). These developmental events progress more

slowly when metamorphosis is induced with ions (excess

K^ and Cs*). Wisely (1958), in an earlier report on meta-

morphosis in this species, described secretion of an '"ad-

hesive substance." but did not mention the behavioral

phase when larvae appear to examine the substratum.

In H. elegans. secretion of the primary tube and simul-

taneous elongation of the larva and resorption of the pro-

totroch cilia are irreversible steps. The subsequent differ-

entiation of the tentacular crown defines early juvenile

development.

The observation that competent larvae of H. elegans

respond to bacterial biofilms within 15 min, together with

evidence presented by Hadheld et al. (1994) that settle-

ment of H. elegans increases linearly with bacterial cell

count, demonstrates that bacteria are an important source

of stimulus for settlement and metamorphosis in this spe-

cies. In addition, Walters et al. (1997) found that larvae

of H. elegans do not settle preferentially on or near con-

specific individuals, living or dead, in the field or in labo-

ratory dishes, and that natural settlement patterns are ex-

plained by hydrodynamic processes and the presence of

biofilms. We thus suggest that the latent response of lar-

vae of H. elegans to extracts of adult worms described

by Bryan et al. (1997) probably results from the buildup

of bacteria in their test vessels. The gregarious response

of larvae of Hydroides dianthus described by Scheltema

et al. (1981) and Toonen and Pawlik (1996) is apparently

a character not shared by all species in this genus.

The data provided here on induction of metamorphosis

of//, elegans with excess K* or Cs* expand on a growing

literature on this subject (see summaries in Herrmann,

1995; Woollacott and Hadfield, 1996). Hydroides elegans

is not the first polychaete to be found sensitive to potas-

sium or cesium (Herrmann, 1995). Yool el al. ( 1986) were

able to induce maximum percentages of metamorphosis in

larvae of Phragmatopoma californica at lower potassium

concentrations (5-20 mM ) than those found to be optimal

for H. elegans (50 mM). In addition, percentages of meta-

morphosis were lower in //. elegans (11% versus 100%

for P. californica). Differences in K* sensitivity between

species could explain these results: species-specific meta-

morphic responses to excess K* were recently reported

by Pearce and Scheibling ( 1994) for the echinoids Stron-

gylocentrotus droebachiensis and Echinarachnius parma.

The metamorphic response of larvae of H. elegans to

excess K* was slower than to Cs* or a biofilm. The larvae

took 72 h to achieve maximum levels of metamorphosis

in response to K*, and metamorphosis was typically com-

pleted 24 h or longer after removing them from seawater

with excess K^. A similar delay in the metamorphic re-

sponse was found in Phestilla sihogae. when induction

was compared between the natural inducer (a coral metab-

olite) and choline (Hirata and Hadfield. 1986) or excess

K* (Pechenik et al.. 1995). In contrast, larvae of the pro-

sobranch Crepidula fornicata become sensitive to induc-

tion by excess K^ 12-24 h before they are responsive to

natural inducers (Pechenik and Gee, 1993). These differ-

ences may arise from nothing more complex than the

degree of exposure of sensory cells to the external me-

dium or the resistance of sensory cells to depolarization

by external ion shifts— in other words, to plasticity in

induction mechanisms at the species level, as suggested

by Woollacott and Hadfield (1996).

It has been proposed that excess K* induces metamor-

phosis by depolarization of externally accessible excitable

cells (Baloun and Morse, 1984; Yool et al.. 1986). How-
ever, the possibility remains that K^ acts on the entire

nervous system, producing a generalized activation (Todd

et al., 1991 ). or that the ions exert a direct effect on target

tissues (Yool et al., 1986).

The observation that most larvae of //. elegans meta-

morphose without tube formation when induced by potas-

sium ions may indicate that at least part of the action of

this ion is directly on target tissues. However, it is more

likely that the altered ionic makeup of the seawater dis-

rupts secretion of the primary-tube proteins (possibly by

inhibiting proper cross-linking) by epidermal cells. The

lengthy exposure to excess K* required to induce maxi-

mum metamorphosis concomitantly leads to large num-

bers of tubeless metamorphosed worms. Although failure

to produce a primary tube prevents a larva from attaching

to hard substrata, the morphogenetic events of meta-

morphosis are completed. In other words, metamorphic
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morphogenesis is not dependent on secretion of tiie pri-

mary tube. Potassium ions produced an analogously dis-

turbed metamorphosis in the brachiopod Terebratalia

transversa; many of the larvae underwent partial meta-

moi-phosis. characterized by protegulum (or initial shell)

formation without settlement (Freeman. 1993). Clearly,

care must be used in ascribing singular modes of action

to events elicited when an entire sensitive larva is im-

mersed in seawater with an altered ion composition.

Larvae of H. elegans metamorphosed faster in response

to Cs^ than to excess K*. These results are difrtcult to

interpret because of the required short-pulse exposure

necessary with cesium compared to the 24-h exposure

required for maximum response to potassium. That the

larvae first become sensitive to these ions at about the

same age suggests either a similar inductive mechanism

or a common site of action in the metamorphic pathway;

reasoning presented below supports the latter hypothesis.

The one or more mechanisms by which Cs* induces

metamorphosis in marine invertebrate larvae have not

been determined with certainty, although Cs* has been

tested with positive results in coelenterates (Freeman and

Ridgway. 1987; Hujer and Lesh-Laurie. 1995). phoronids

(Herrmann, 1995). a sponge (Woollacott and Hadfield.

1996). and a polychaete (Herrmann. 1986). Cesium is a

recognized potassium-channel blocker and. when exter-

nally applied, leads to depolarization of the plasma mem-

brane in some systems (Hille. 1992). This depolarization

can activate voltage-dependent calcium channels, releas-

ing calcium ions into the cytoplasm and modulating a

wide variety of cell processes, including secretion, con-

traction, and the cell cycle (Clapham. 1995). Cesium acti-

vation of calcium-mediated mechanisms in invertebrate

larvae has been documented mainly in hydrozoans. Leitz

and Miiller (1987) found a fast increase of inositol tris-

phosphate (IP, ) concentration after incubation of planulae

of Hydractinia echinata in 1 16 mM CsCl. IP, is known

to induce release of Ca'* from internal stores by activating

receptors on the endoplasmic reticulum. Freeman and

Ridgway (1990) observed that calcium transients were

produced when larvae of the hydrozoan MitrocomeUa

polydiademata were induced to metamorphose by Cs*.

Ilan et al. (1993) demonstrated a role for intracellular

calcium in regulating metamorphosis in the polychaete

Phragmatopoma califomica; larvae metamorphosed in

response to elevated external Ca"* concentrations and to

calcium ionophores. A role for calcium during metamor-

phosis of H. elegans appears certain despite the fact that

our preliminary experiments with this species produced

results that were different from those reported by Ilan et

al. (1993) for P. califomica. In H. elegans, metamorpho-

sis was inhibited when induced in the presence of calcium

ionophore A23 1 87 or one of the calcium-channel blockers

nefedipine and verapamil. These results and the effects

of TEA. discussed below, suggest that the mechanism of

action of Cs* on larvae of H. elegans may be different

from the way it acts on planula larvae and. perhaps, on

larvae of P. califomica. Experiments are under way in

our laboratory to clarify the role of Ca' ' in the metamor-

phosis of H. elegans.

If. as is generally assumed, the natural inducer (a ma-

rine biofilm) and potassium ions both lead to metamor-

phosis by initiating membrane depolarization and genera-

tion of a receptor potential in excitable, external sensory

cells, the inhibition of such induction by TEA. a potas-

sium-channel blocker, is understandable. TEA. by

blocking K" channels, inhibits ion flow and membrane

depolarization. The observation that TEA also inhibits

cesium-induced metamorphosis appears contradictory at

first, because Cs* is itself a potassium-channel blocker in

some organisms (Hille. 1992). However, potential expla-

nations are at hand. The concentration of cesium found

to induce metamorphosis in H. elegans ( 10 mM) is much

lower than the concentration of potassium ion found nec-

essary to induce metamorphosis (50 mM in excess of that

normally present in seawater) and is thus unlikely to act

by simply depolarizing the membrane of a receptor cell.

It is more likely that Cs* enters receptor cells through

potassium channels, as has been shown to occur in Dro-

sophila potassium channels expressed in Xenopiis oocytes

(Heginbotham and MacKinnon, 1993). and acts inside the

cells. TEA blockage of K* channels in larvae of H. eleg-

ans would thus directly inhibit cesium inflow and meta-

morphic induction. A possible target for Cs* inside the

cells may be the ATP-driven Na*/K* pump, whose major

function is maintenance of the transmembrane gradient

and thus the resting membrane potential (Petersen. 1992).

When competent larvae were exposed to a biofilm in

the presence of Cs* or excess K*. a synergistic effect

was noted (24 h after removal from excess K*). This

synergism may be understood as a partial depolarization

of excitable cells that reduces the threshold necessary to

activate metamorphosis by the natural biofilm inducer;

this mechanism was suggested by Woollacott and Had-

field (1996) as a possible explanation for the interaction

of ions and biofilm in the induction of metamorphosis of

larvae of a sponge. The more apparent synergism noted

between Cs" and a biofilm probably arises from the more

rapid (compared to potassium) action of cesium as an

inducer. Given the 24-h exposure necessary to achieve

maximum metamoiphosis with potassium, most larvae

will already have metamorphosed from continued contact

with the biofilm.

Larvae must be exposed to excess potassium longer

than to biofilms to achieve metamorphosis, and it is there-

fore impossible to distinguish between the possibilities
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( 1 ) that larval sensitivity to K* develops later than sensi-

tivity to biofilms and (2) that the larval response to K*

simply takes longer. The response to a biofilm that can

be seen after a 24-h exposure in 3-day-old larvae does

not occur when potassium (or cesium) is used as an in-

ducer (Fig. 7). However, it may be that the larvae that

respond to a biofilm when exposed at day 3 became com-

petent only in the last moments of exposure; that is, when

they were almost 4 days old. Because the larvae tested

with potassium were removed from the inducer at this

time, they were deprived of the necessary 24-h exposure

after becoming competent, and thus never metamor-

phosed at all. The argument is similar for cesium. Day 3

larvae were exposed to cesium for only 3 h, and thus were

not in the inducer when they became metamorphically

competent (Fig. 7). The result is that no larvae metamor-

phosed after 24 or 48 h. Differences in the age at onset

of sensitivity to biofilms and the ions cannot be discerned

from our experimental results.

Despite possible variation in the age at which larvae

of Hydroides elegans become sensitive to different in-

ducers, the hypothesis that metamorphic induction is pri-

marily a chemoreceptive process, including depolariza-

tion of an excitable receptor cell and transmission of the

metamorphic signal via the nervous system, is still the

most parsimonious. Moreover, the ability of larvae of H.

elegans to metamorphose without primary tube formation

as a response to potassium or cesium demonstrates that

steps in the settlement process may be separated, with

some processes proceeding while others do not. Our cur-

rent work includes exploration of the transduction path-

way associated with metamorphic induction. We seek to

understand the mechanisms by which the chemoreceptive

act of induction is transduced into a cellular signal as

well as the manner in which the metamorphic stimulus

activates new gene transcription or translation.
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Abstract. We investigated the effects of salinity on fer-

tilization and early development in a population of Pacific

herring. Clupea pallasi, that migrate from oceanic waters

into the San Francisco Bay estuary to spawn. The salinity

range for fertilization fell between 8 and 28 ppt. with an

optimal range of about 12 to 24 ppt. In comparison, the

range for a population of C. harengus membras (Airisto

Sound. Finland) that reside year-round in the Baltic Sea

was 4 to 24 ppt. Roles for both Na* and K^ were indicated

in C. pallasi fertilization since increasing Na* in the pres-

ence of 10 mM K^ (concentration of seawater) mimicked

the effects of increased overall salinity, whereas reduced

effects were obtained if [K*] was held at 5 mM (that of

half-strength seawater). The initiation of C. pallasi sperm

motility by components of the egg chorion, a prerequisite

for fertilization, was inhibited at both elevated (28 and

32 ppt) and reduced (4 and 8 ppt) salinities. Embryonic

development through larval hatching in C. pallasi exhib-

ited a salinity tolerance similar to that of fertilization;

optimum development was obtained at salinities between

8 and 24 ppt. A comparison of developmental progression

in 3.5, 14, and 28 ppt seawater revealed that salinity

effects became evident during the post-gastrulation stages

of development and that progression to hatching was de-
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Abbreviations: ASW, artificial seawater; FSW. filtered seawater; HR.
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layed in both the lower and higher salinities for those

embryos that completed development.

Introduction

Pacific herring. Clupea pallasi. inhabit the contmental

shelves of the North Pacific Ocean from California to

Korea, and the White and Kara Sea regions of the Arctic

Ocean (Dushkina. 1973; Grant. 1984; Grant and Utter.

1984). Once considered a subspecies of the Atlantic her-

ring (C. harengus). as currently is the Baltic herring, C.

pallasi is now recognized to be different behaviorally,

morphologically, and genetically from C. harengus

(Grant. 1984; Grant and Utter. 1984; Haegele and

Schweigert. 1985). Pacific herring spawn during the win-

ter and spring, predominantly in protected waters of bays

and estuaries. Males release sperm into the water while

females deposit adhesive eggs onto shallow subtidal and

lower intertidal substrates where fertilization and embry-

onic development take place (see Haegele and Schweig-

ert, 1985). Herring are unique among fish in that sperm

are immotile when released from males and remain so

after dilution into the surrounding media (Yanagimachi

and Kanoh, 1953). They are typical in that their eggs are

surrounded by a thick chorion with only one access site

to the egg surface (the micropylar canal), and that sperm

must be motile to traverse this canal and achieve fertiliza-

tion (Yanagimachi and Kanoh, 1953; Yanagimachi, 1956;

1957).

Although salinity has been shown to influence fertiliza-

25
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tion and embryonic development in C. paHcisi. the impor-

tance of this environmental factor has been questioned

due primarily to the overall broad range of salinities (5-

35 ppt) observed at spawning sites throughout the spe-

cies" range (Blaxter and Holliday, 1963; Haegele and

Schweigert. 1985). Laboratory studies, however, with

specific populations or stocks suggest that this broad toler-

ance range may not apply to all Pacific herring. An opti-

mum laboratory salinity range of 10-36 ppt has been

reported for the embryonic development of White Sea

herring (Dushkina. 1973). and herring from the Strait of

Georgia in British Columbia have shown a developmental

tolerance of 12-26 ppt (Alderdice and Velsen, 1971) with

a much nanowed optimum of 12-17 ppt (reviewed by

Alderdice and Hourston, 1985).

Research into the mechanisms of fertilization in C.

pallasi has provided insight as to how salinity could ad-

versely affect the establishment of a new generation. Her-

ring sperm become motile upon physical contact with the

micropyle region of the egg chorion, and both K* and

Na"^ ions have been implicated in this initiation of sperm

motility (Yanagimachi and Kanoh, 1953: Yanagimachi,

1956; 1957; Yanagimachi et uL. 1992). The presence of

extracellular K^ is required for initiation of motility at the

micropyle region of an egg (Yanagimachi et uL. 1992). In

contrast. Na^ is not required and. in fact, the deletion of

Na* or the addition of a Na* ionophore (in low external

Na* concentrations) initiates spontaneous sperm motility

in the absence of the chorion factor (Yanagimachi et uL.

1992).

In the present report we ( I ) describe the salinity toler-

ance range for fertilization in C. pallasi from San Fran-

cisco Bay. California: (2) provide evidence that a syner-

gistic effect between elevated Na* and K* ions at elevated

salinities is responsible for decreased fertilization in C.

pallasi: (3) demonstrate that decreased fertilization at ele-

vated salinities is due to an inhibition of sperm motility:

and (4) determine the effects of lowered and elevated

salinity on embryonic development in C. pallasi. Lastly.

we compare the salinity tolerance range for fertilization

of an eastern population of Baltic hening ( C. /;. membras

)

with that of San Francisco Bay C. pallasi.

Materials and Methods

Collection of animals and gametes

Pacific hening, Clitpea pallasi. were collected by otter

trawl from the San Francisco Bay estuary in collaboration

with biologists from the California Department of Fish

and Game. The fish were maintained at 4°C in moist

conditions and brought to the University of California

Bodega Marine Laboratory within 3-4 h of collection.

Eggs were obtained either by stripping or by dissection

of ovaries as described previously (Yanagimachi. 1957;

Griffin et ai. 1996). "'Dry'" eggs, in ovarian fluid, were

maintained in a humid chamber at 4°C until used. Testes

were dissected from males and maintained separately in

a moist environment at 4°C until used (Yanagimachi et

III.. 1992). To obtain sperm, milt was collected by strip-

ping or by dissection of testes, diluted to approximately

lO** sperm/ml into herring Ringer" s (HR). and kept at 4°C;

this maintains sperm in an isotonic medium and in an

inactivated state (Yanagimachi et ai. 1992). HR was pre-

pared according to Yanagimachi (1957) and contained

206 mM NaCl. 7.2 m/W KCI. 2.1 mM CaCK. 3.3 niM

MgCU. 6H:0. pH adjusted to 7.8 using I mM NaHCO,.

Sperm were used for experiments within I h after isola-

tion into HR.

Baltic heiring (C //. membras) Irom Airisto Sound

(Turku. Finland) were collected in trapping pens at

spawning sites within Airisto Sound, the gonads dis-

sected, and then shipped overnight under moist condi-

tions, at 4°C. to the Bodega Marine Laboratory. Gametes

were isolated as described for C. pallasi.

Fertilization assays under different salinity conditions

Fertilization curves based on sperm concentration were

generated for each set of gametes to detemiine the lowest

sperm concentration that yielded between 50% and 90%

fertilization. This was done to ensure that effects of exper-

imental manipulations were not masked by an excess of

sperm. For C. pallasi, the ratio was determined in half-

strength filtered (0.45-/7m) seawater ('A FSW). pH 7.8.

previously shown to be optimal for fertilization in this

species (Yanagimachi et ai. 1992). For C. /;. membras,

'/4-strength FSW was utilized, based on the reported salin-

ities of 6-7 ppt in Airisto Sound, Finland ( Vuorinen and

Ranta. 1987). Different salinities of seawater were pre-

pared by adding appropriate quantities of double-distilled

water to full-strength FSW. after which salinity in parts

per thousand (ppt) was determined with a refractometer.

Since the salinity tolerance range is reported to expand

close to optimal temperatures and to contract as tempera-

ture increases or decreases away from the optimum (Al-

derdice and Velsen. 1 97 1). the effects of temperature were

eliminated by conducting experiments within normative

environmental temperatures (Alderdice and Velsen. 1971;

Haegele and Schweigert, 1985). Unaltered salinities of

FSW at the facility during fertilization experiments

ranged from 32 to 34 ppt; if the salinity was above 32

ppt, distilled water was used to bring it down to 32 ppt.

For all fertilization experiments, stock sperm (in HR)

were diluted into 10 ml of the appropriate dilution of FSW
(in polystyrene culture dishes) and incubated for 10 min

at I2°C, after which about 100 eggs were distributed

evenly into the dishes. Eggs were co-incubated with

sperm for 10 min. quickly rinsed twice with the same-
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salinity FSW to remove excess sperm, and incLihatec! at

12°C. 10 h light/14 h dark, in temperature- and light-con-

trolled incubators (Revco and Lab-Line Ambi-Hi-Lo). For

each salinity treatment, fertilization was determined by

scoring the percentage of eggs with elevated chorions at

30 min post-insemination (see Fig. 1 ): these zygotes were

followed through first cleavage to ensure that they had

been fertilized. Experiments were conducted in triplicate

in = 3) using gametes from different animals; each n

was, in turn, the average of three replicates using gametes

from the same animals. Data presented are the averages

± standard deviations of the replicates (/;). Significance

of differences was determined with a Student's t test ushig

the values from each /;.

Effects ofextracelltilcir Na* and K* concentration on

fertilization

Artificial seawaters containing different concentrations

of Na* and K* were prepared from half-strength ASW
(artificial seawater; from Cavanaugh, 1975) containing

either 5 mMor 10 mA/ K^ To obtain final Na* concentra-

tions of 200-400 m/W, the 'A ASWs were supplemented

with Na* in 50-mM increments using a stock solution

of 4.4 M NaCl. Fertilization assays in these media were

conducted as described above.

In vitro sperm motility assessments under different

salinity conditions

Sperm motility was assessed in vitro using Pacific her-

ring sperm motility initiation factor (SMIF) according to

Yanagimachi et al. (1992) and Pillai et al. (1993).

Figure 1. Fertilized (f ) and unfertilized (u) eggs of Chipea pallasi.

Fertilized eggs are translucent with an easily seen perivitelline space

between chorion and egg. Bar = I mm.

Chorions from C. pallasi eggs were obtained as described

by Griffin et al. (1996), and SMIF was isolated from

these chorions according to Pillai et al. ( 1993). Different-

salinity FSWs were mixed with SMIF (at 50-100 ^ig pro-

tein SMlF/ml. final concentration), and 50 p\ of each was

placed into individual wells of a multi-well immunoslide

(Polysciences. Inc.. PA). Stock sperm (10" sperm/ml in

HR) diluted (final concentration of 5 X 10" sperm/ml)

into different-salinity FSWs were then added to the wells

containing SMIF (in the same-salinity FSWs) as a 1.5-^1

bolus. Using darkfield microscopy and a 20x objective

lens, the interface between the bolus of sperm and the

SMIF solution was monitored for 15 s. In the absence of

motility the bolus spread into the SMIF as a monolayer

of sperm, preserving a discrete interface between the two.

The initiation of motility, characterized by a counter-

clockwise corkscrew or circular swimming pattern, dis-

rupted this interface: the degree of disruption was related

to the percentage of motile sperm. Motility was scored

by using the following qualitative motility index: = no

motility, 1 = up to 25% of the cells motile, 2 = up to

50% of the cells motile, 3 = up to 75% of the cells motile,

4 = >75% of the cells motile (Griffin et al.. 1996).

Embryonic development and liatchiiti; ofC. pallasi

For assessing the effects of altered salinities on embry-

onic development and hatching, C. pallasi eggs were fer-

tilized in 'A FSW and then cultured in different-salinity

seawaters as described above. During the embryonic de-

velopment experiments, unaltered salinities ranged from

28-32 ppt. When the full-strength salinity was below 32

ppt, the salinity was not adjusted upward, but the lower

starting salinity was noted. The FSW of the cultures was

exchanged every 24 h and salinities, dissolved oxygen,

and pH were measured at the end of each experiment.

Any experiment that exhibited significantly decreased dis-

solved oxygen or altered pH was not included in data

analyses. Development experiments were conducted on

batches of embryos that were different from those used

for the fertilization experiments described above.

Embryonic development and hatching were followed

using either an Olympus stereo-zoom microscope

equipped with darkfield optics or an Olympus BHS com-

pound microscope equipped with Nomarski optics. Devel-

opment was assessed on the basis of comparisons with

control einbryos and using terminology and stages em-

ployed by Kimmel et al. (1995) for the zebrafish (see

Results). Larval hatching was quantified by counting

empty chorions still attached to the bottom of the dishes

versus chorions containing unhatched embryos. In the

experiments from which the salinity tolerance curve was

generated, hatching success in all salinities was assessed

when greater than 40%. of the embryos in the 'A FSW had
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hatched. In the experiments to ascertain whether sahnity

delayed hatching, the cuhures were scored at 24-h inter-

vals for 3 days after hatching reached 40% in 'A FSW
cultures. In these experiments the salinity of FSW was

28 ppt; therefore, the different-salinity FSWs were 3.5

ppt ( '4 FSW), 14 ppt ( 'A FSW), and 28 ppt (full-strength

FSW). The total number of chorions was counted each

day to determine if embryos or empty chorions had been

inadvertently removed during water exchanges in cul-

tures.

Results

The salinity tolerance ranges for fertilization in C. pal-

lasi from San Francisco Bay, California, USA, and C. h.

membras from Airisto Sound, Turku, Finland, overlap,

but are significantly different (Figs. 2, 3). The optimum

salinity for C. h. membras in our experiments was 8 ppt

(56.3% ± 12.7% fertilization), with decreases in fertiliza-

tion to 15.0% ± 2.2%. at 4 ppt and 10.5% ± 3.8% at 24

ppt (Fig. 2). Fertilization in C. pallasi peaked at 16 ppt

(86.0% ± 15%) with decreases to 17.1% ± 4.6% at 8

ppt and 10.5% ± 6.2% at 32 ppt. After normalization

of the data such that the highest fertilization percentage

observed for each species was designated as 100% (Fig.

3), the significance of the differences in salinity tolerance

was determined. In 8 ppt, fertilization of C. h. membras

was significantly higher {P < 0.001 ) than that of C. pal-

lasi (see Fig. 3). At 24 ppt, the difference between the
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Figure 2. Fertilization in Clupeu pallasi from San Francisco Bay

() and C. h. membras from Airisto Sound, Finland (•) in seawater of

different salinities; n = 3. Vertical lines = std. dev.
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Figure 4. Effects on fertilization of increasing |Na*] in half-strength

filtered seawater containing 5 mM K* and 10 niM K*; n = 3. Vertical

lines = std. dev. Fertilization is significantly lower (*) in the 10 mM
K* treatment than in the 5 mM K* treatment at the same salinity (P <

0.01, Student's r test).
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Figure 5. Sperm motility as a function of salinity. Sperm motility

was induced in vitro with sperm motility initiafion factor at the salinities

listed above: /; = 3. Motility was scored as 4 > 75% motile. 3 = 50%-

75<7r motile. 2 = 25^-50% motile, and 1 < 25% motile.

evaluate the effects of salinity on heiring speim. motility

was assayed //; vitro, using C. pallasi sperm and SMIF

that was isolated from C. pallasi eggs. When sperm were

exposed to SMIF at differing salinities, motility was a

function of external salinity (Fig. 5) and miiiored the

range observed for fertilization at different salinities

(compare Figs. 2 and 5). Motility was greatest at 16 and

24 ppt and lowest at extreine salinities of 4 and 32 ppt,

although at neither extreme was motility completely in-

hibited.

First described by McMynn and Hoar (1953), the

events and stages of embryonic development in C. pallasi

closely follow those recently described in detail for the

zebrafish by Kimmel et al. (1995), and so their terminol-

ogy has been adopted in the current study. Five stages

were scored during experiments on salinity tolerance of

embryonic development. (1) First cleavage occurred at

about 3 h post-insemination in 'A FSW at 12°C. (2) The

onset of gastrulation occurred at about 16-17 hand corre-

sponded with the embryo reaching 50% epiboly: gastrula-

tion was completed by 20-21 h. (3) The 5-somite stage

of segmentation was seen at 42-48 h and was marked by

the appearance of optic vesicles. (4) Retinal pigmentation

(entrance into the pharyngula period) was initiated by

day 5 and progressed through day 6 of development. (5)

Hatching of the larva occurred at 8- 10 days post-fertiliza-

tion in 'A ASW.

Embryonic development, like fertilization, was affected

by external salinity. When measured as a function of the

effect on an embryo's ability to complete development

through hatching, the optimal salinities were between 8
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Figure 6. Effects of salinity on hatching of Cliipea pallasi larvae

i of day 9 post-fertilization; it = 3. Vertical lines = std. dev.
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Figure 7. Comparison of development in 3.5 ppt (a-a"), 14 ppt (b-b"), and 28 ppt (c-c") seawater. Bars

= 200 ^m. (a-c) Embryos at 21 h post-fertilization nearing the completion of epiboly (arrows = edge of

epibolic front; arrowheads [panel b] show future head and tail regions of embryo), (a'-c') Sixty-six hour

embryos at lens stage of eye development (arrows). (a"-c") Five-day (126-h) embryos with pigmented

retinas (arrowheads indicate direction the embryonic head faces).

and 24 ppt (Fig. 6). Salinities both below and above the

8-24 ppt range hindered development; 20.3% ± 7.0% of

the cultured embryos hatched in 4-ppt FSW. which wa.s

significantly less {P < 0.01) than the 38.9% ± 4.0% that

hatched in 8-ppt FSW. Likewise, only 15.3% ± 8.3% and

13.4% ± 6.4% of embryos hatched in 28- and 32-ppt

FSW, respectively, significantly lower {P < 0.01) than

the percentage that hatched in 24-ppt FSW (34.1% ±
8.7%).

To further examine the effects of low and high salinity,

the course of development of embi70s was followed in

three FSW salinities: 28 ppt (full-strength seawater; see

Materials and Methods). 14 ppt, and 3.5 ppt. Salinity

had no observable significant effect on first cleavage (not

shown), epiboly, optic vesicle formation, or initiation of

retinal pigmentation. The percentage of fertilized embryos

that completed development through epiboly in all salini-

ties was 74%-84%', with no significant difference be-

tween salinities (Fig. 7a-c). Near the end of day 3 (66 h),

lens development was evident (Fig. 7a'-c'); by day 5,

retinal pigmentation was evident in embryos at all three

salinities (Fig. 7a"-c"). A salinity-associated delay in

hatching and in the ability to hatch was observed (Fig.

8). At 9 days post-fertilization, 42.5% ± 4.6% of embryos

in the 1 4-ppt cultures had hatched, whereas 17% ± 6.9%

and 18.2% ± 3.4% had hatched in the 3.5- and 28-ppt
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Figure 8. Effects of salinity on time to liatching and on percent

hatching of Cliipea pallasi embryos in 3.5 ppt (0). 14 ppt (O), and 28

ppt (13) seawater. The total percentage of hatched larvae was signifi-

cantly greater (*) in 14 ppt seawater at all three days (P < 0.001.

Student's l test). On day II. % total hatch in the 28 ppt group was

significantly higher ( ; ) than in the .3.5 ppt group (f < 0.005, Student's

/ test).

FSWs. At day 10 the percentages increased to 24.9% ±

6.4% (3.5 ppt). 66.3% ± 4.3% (14 ppt). and 33% ± 3.8%

(28 ppt). No further hatching was observed in either the

3.5- or 14-ppt cultures: however, hatching continued at

28 ppt. and by the 1 1th day, 42.8% ± 4.7% of the embryos

had hatched. No further hatching was observed in any of

the cultures. These data suggest that salinity does influ-

ence time to hatching, and thus the effect of salinity on

development is not as absolute as a simple salinity toler-

ance curve would predict (see Fig. 6).

In addition to the delay in hatching time, both abnormal

hatching and hatched abnormal embryos were observed.

Figure 9 depicts larval cultures captured by video at day

10. Larvae in 14-ppt FSW swam vigorously, with few

possessing abnormalities (Fig. 9a). In the other two salini-

ties a number of abnormalities occurred, including immo-

tile hatched larvae (see Fig. 9b). scoliotic hatched larvae

(see Fig. 9c), and larvae that initiated but failed to com-

plete hatching (.see Fig. 9c). The larvae that initiated

hatching but died prior to its completion were seen only

in 3.5-ppt FSW cultures: by the 10th day, 30.3% ± 7.4%

of the embryos had initiated, but failed to complete, the

process. Again, the.se embryos did not survive. Scoliotic

larvae varied in the degree of deforinity, but none swam

normally and none survived. Percentages of scoliotic lar-

vae in both 3.5- and 28-ppt cultures averaged about 10%,

whereas only l%-2% were scoliotic at 14 ppt.

Discussion

Freshwater input has been implicated as an important

component of some locations where C. pallasi is known

to spawn (Taylor, 1971 : Barnhart, 1988), and low-salinity

water can stimulate spawning in the held (Rabin and

Barnhart, 1986) as well as in the laboratory (Outram.

1951). There is also the suggestion in the literature that

a spawning site, and therefore the salinity at which spawn-

ing occurs, may be a function of the reproductive stock

(population) from which the fish derive: although some

populations spawn at sites of lowered salinity, others con-

sistently spawn where the salinity approaches that of nor-

mal, or full-strength, seawater (Dushkina, 1973: Kijima

el ai, 1992: Kobayashi, 1993). Such isolation has been

suggested to occur not only between populations that re-

produce in widely separated geographical regions (Koba-

yashi, 1993), but also within geographical zones. Oceanic

and estuarine populations of C. pallasi have been identi-

fied in the waters around Japan (Kijima et ai. 1992: Ko-

bayashi, 1993). and populations that spawn at different

salinity sites have been delineated within the White Sea,

Barents Sea, Sea of Okhotsk, and Sea of Japan (Dushkina.

1973). The reproductive "stock" (population) concept is

well accepted, even within regions where salinities are

not known to vary widely from site to site; within British

Columbia waters of the northeastern Pacific Ocean there

are up to 23 reproductive stocks that are each faithful to

defined spawning subregions (Hay et ai, 1984: Hay,

1985). What is undocumented for C. pallasi is whether

salinity differences between sites, where they exist, lie

within a broad perinissive range for this euryhaline spe-

cies or reflect the salinity tolerance limitations on fertiliza-

tion and embryonic development in specific populations.

The results in the present study indicate that the salinity

tolerances for fertilization and embryonic development in

the San Francisco Bay population of Pacific hening are

limited in comparison with those reported overall for the

species. Furthermore, the present results both agree and

disagree with previous findings. The range (between 12

and 24 ppt) at which both fertilization and developinent

were optimal was similar to that reported for British Co-

lumbia heiTing (12-26 ppt with 12-17 ppt optimum) by

Alderdice and Velsen (1971) and Alderdice and Hourston

(1985), but more stringent than that reported by McMynn
and Hoar (1953) for development of British Columbia

Pacific herring (6-34 ppt) or by Dushkina (1973) for

Pacific herring in the White Sea (10-36 ppt).

These differences might reflect actual abilities of popu-

lations to tolerate different salinities. Similar population
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Figure 9. Representative images, obtained by video frame capture, from cultures of Clupea pallasi

embryos maintained at three salinities. In the 14 ppt (a) and 28 ppt (b) cultures, larvae, empty (transparent)

chorions of hatched larvae, and chorions (darkened, opaque) from which embryos have not hatched are

evident. In the }<5 ppt culture (c), a hatched scoliotic larva with a bent tall, a partially hatched larva, and

chorions of unhatched embryos are pre.sent. Bar = 1 mm.

or subspecies differences are reported to exist within C
harengiis. which overall possesses a broader fertilization

and developmental salinity tolerance range than C. pallasi

(see Blaxter and Holliday, 1963: Ojaveer, 1981: Haegele

and Schweigert, 1985). The comparison of salinity toler-

ance curves for fertilization in San Francisco Bay C. pal-

lasi and C. h. memhras from Airisto Sound supports this

possibility. Alternatively, the differences may reflect

physiological, nongenetic responses to the different salin-

ity regimes to which the fish are exposed. Pacific herring

that reproduce in the San Francisco Bay estuary constitute

the southernmost eastern Pacific population of C. pallasi.

isolated by a large geographical distance from other Pa-

cific populations (Haegele and Schweigert, 1985). The

fish migrate from oceanic waters of the eastern Pacific

into the San Francisco Bay estuary where salinities fluc-

tuate both seasonally and annually (2-32 ppt). dependent

on both natural precipitation and freshwater diversions

impo.sed by humans (Peterson et al.. 1989). In contrast,

the C. h. membras population that reproduces in Airisto

Sound resides in lowered salinity waters (4-10 ppt) of

the Baltic Sea throughout the year ( Haapala and Alenius,

1994). The fact that the salinity tolerance range for fertil-

ization in C. h. membras has not narrowed suggests that

the position of the range is more responsive to the salinity

history of the population than is the breadth of the range.

The discrepancies between the results in the present

study and those previously reported for C. pallasi (Dush-

kina. 1973) may also be in part due to experimental tech-

niques. Fertilization assays conducted in the present study

used sperm-egg ratios that yielded between 50% and 90%
fertilization, rates that lie on the exponential, most sensi-

tive, portion of a fertilization curve (Cherr et al., 1990).

The importance of utilizing such ratios is indicated by one

of our experimental trials in which eggs were fertilized at

sperm concentrations of 10" sperm/ml and 10^ sperm/ml

(Fig. 10). Although fertilization at the optimal salinity

( 16 ppt) differed by only 4%. the salinity tolerance curves

for the two sperm concentrations were vastly different.

At a sperm concentration of 10' sperm/ml. extremes at

both ends of the salinity spectrum reduced fertilization to

below 20%, whereas at a sperin concentration of 10"
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Figure 10. The effects of salinity on fertilization of Cliipea pallasi

eggs inseminated with 1 x 10' sperm/ml () and I v 10'" sperm/ml

(•); n = 3. Vertical lines = std. dev.

sperm/ml, fertilization remained above 50% even at 8 and

32 ppt salinity. This becomes very important in natural

spawnings if the numbers of sperm reported at a British

Columbia site (range of 100-150 sperm/ml) represent

normal sperm concentrations in the wild (Hourston and

Rosenthal. 1976).

Previous studies have shown that C. pallasi sperm

maintain the ability to fertilize longer in lowered salinity

water (e.g.. 10-15 ppt) than in full-strength seawater ( Ya-

nagimachi and Kanoh, 1953; Morisawa et ai. 1992). In

the present study, fertilization reductions for C. pallasi at

both high and low salinities coirelated with the inhibition

of sperm motility observed during in vitro assays with

isolated SMIF (sperm motility initiation factor; Pillai et

ai, 1993). Although the mechanism or mechanisms by

which motility was inhibited were not investigated, three

possibilities seem plausible: (1) The ability of SMIF to

elicit motility could be affected; since the presence of

SMIF in the micropyle area is essential for sperm motility

(Yanagimachi et ai. 1992), its removal or inactivation

would prevent fertilization. (2) External changes in Na*,

K"^, or both could perturb ionic movements across the

speiTn plasma membrane that are necessary for motility;

support for this possibility comes from the current finding

that fertilization is inhibited at elevated (2:300 mM) Na*

in the presence of high ( 10 mM) K* and from a previous

report that sperm become spontaneously motile (in the

absence of SMIF) when placed in choline-substituted

ASW that lacks Na* ions (Yanagimachi et ai, 1992). (3)

There could be a general osmotic inhibition of motility

at altered salinities; osmolality has been shown to affect

sperm motility in a variety of freshwater and marine fish,

but not in Pacific heixing (Morisawa et ai. 1992). Osmo-

lality alone was not sufficient to initiate sperm motility;

only very low levels of motility were obtained when

sperm were placed into hyperosmotic solutions of manni-

tol or even hyperosmotic solutions of NaCl and KCl

(Morisawa et ai. 1992). Osmolality (under all three con-

ditions) did influence the activity of sperm activating sub-

stance (now termed HSAP; Oda et ai, 1995) that was

isolated from herring eggs (Morisawa et ai. 1992).

The effects of salinity on embryonic development in

C. pallasi are not as absolute as those on fertilization.

McMynn and Hoar (1953) reported that C. pallasi em-

bryos possess a salinity tolerance range of 6-34 ppt, with

an optimum at 11.5 ppt; however, the percent hatch

achieved ranged from 0.2 to 11.8% in all salinities. De-

spite the inability of the study to decipher salinity effects

on development, the authors reported two particularly

sensitive stages of development— the completion of epib-

oly [called blastopore closure by McMynn and Hoar

( 1 953 )] and near the time of larval hatching ( McMynn and

Hoar, 1953). In the present study, there was no significant

salinity effect through gastrulation (completion of epib-

oly). Effects of salinity were evidenced by (a) a delayed

time to hatch and (b) a reduced number of larvae that

successfully hatched. It is likely that these failures to

complete development at both 3.5 and 28 ppt are manifes-

tations of earlier developmental problems that we did not

detect. It is also possible that energy reserves used to

maintain ionic balances within the developing embryos

at the extreme salinities depleted those needed for devel-

opmental progression, thus prolonging and ultimately

halting development. Delay in the developmental program

could lead to malformed embryos {e.g.. scoliotic larvae)

or simply to larvae without the necessary energy reserves

to survive hatching. Knowing whether the effects on de-

velopment are the cumulative result of long-term or con-

stant exposure to altered salinity or are a function of the

developmental stage at which exposure occurs will be

important in understanding the mechanisms by which sa-

linity affects development.

Although we do not believe that salinity is the only

factor governing successful reproduction of Pacific her-

ring, it does appear to be an important component of both

fertilization and embryonic development. Furthermore,

comparisons of fertilization in the San Francisco Bay pop-

ulation with that of a Baltic population of C. /;. membras

and with published reports of other Pacific herring popula-

tions suggest that salinity tolerance ranges may differ

between populations. The effects of salinity pressure on

development may be more subtle than those on fertiliza-

tion, yet may have more impact on recruitment in the
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environment. Altered salinity not only reduces the number

of normal, competent larvae that hatch, it also delays the

hatching of those embryos. The costs of such delays.

separations from larval schools, depleted energy reserves.

and extended time in the chorion (where embryos are

subject to both predation and exposure) influence chance

for survival. A full understanding of the importance of

salinity to herring reproduction will require knowledge

of key physiological requirements for successful repro-

duction and recruitment and correlation of those require-

ments with environmental conditions in the bays and estu-

aries where defined populations of herring spawn.
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Abstract. The accessory nidamental gland (AN gland),

a reproductive organ of the mature female squid Loligo

opalescens. harbors a dense culture of bacteria of un-

known function. A multilayered sheath surrounding the

L opalescens egg case is similarly colonized by bacteria

that presumably originate in the AN gland, as evidenced

by their presence in the egg case at oviposition. This

study investigates how these bacteria are transmitted to

juvenile squid and examines some moiphological conse-

quences of bacterial colonization of AN gland tissues. By

observing the structure of the AN gland in adults and the

development and bacterial colonization of the gland in

juveniles raised in captivity, we determined that the AN
gland was absent in newly hatched squid and did not

appear until 87 days post-hatching. At 129 days post-

hatching, the organ displayed tubules composed of a sin-

gle layer of epithelial cells and expressing numerous cilia

and microvilli. These tubules were not yet fully formed

and thus were open to the mantle cavity and external

seawater, possibly to aid in the acquisition of microorgan-

isms. Since the AN gland developed a considerable time

after hatching, it most likely acquires its symbionts hori-

zontally from environmental seawater and not vertically

from the egg case sheath. The switch from expression of

cilia to production of microvilli on the epithelial cell sur-
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Ahhreviatioiu: AN gland = accessory nidamental gland.

face may dictate the competence of the tissue for bacterial

colonization. Electron microscopic examination of juve-

nile and adult AN glands revealed that an analogous pro-

cess occurs during the development of the related light

organ of other cephalopod species that harbor symbiotic

bacteria.

Introduction

When spawning. Loligo opalescens attaches its eggs to

the sandy seafloor. building large masses of capsules that

appear to be resistant to fungal, bacterial, and predator

attack during their month-long embryonic development

(Fields, 1965). Each egg capsule, containing about 200

embryos, is surrounded by a mucopolysaccharide sheath

that disintegrates during the gestation period. Within the

egg case, the embryos are embedded in gelatinous sub-

stances released from three accessory reproductive or-

gans—the oviducal and nidamental glands, and presum-

ably, the accessory nidamental (AN) gland (Arnold, 1984;

Boletzky. 1986). This AN gland, in cephalopods such as

L. pealei (Bloodgood. 1977), Sepia officinalis (Van den

Bianden et ai. 1980). and L. forbesi (Lum-Kong and

Hastings, 1992). harbors a dense culture of symbiotic

bacteria, suggesting that it may have a conserved function.

Recently, a dense culture of bacteria was also described

in layers of the egg capsule sheath in L opalescens (Biggs

and Epel, 1 99 1). Because these bacteria were present in

the egg capsules at oviposition, a transfer of bacteria from

the AN gland of the spawning mother to the egg capsule

was proposed. In addition, a protective role in defending

the vulnerable embryos against microbial attack was pos-

tulated for these egg-capsule-associated bacteria. This

36
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role is analogous to the anti-fungal protection provided

by symbiotic bacteria associated with shrimp and lobster

eggs (Gil-Turnes er al.. 1989: Gil-Turnes and Fenical.

1992).

This study addresses the primary events in the bacterial

colonization of the naive AN gland tissues after hatching

of the juvenile squid. Bacteria from the egg sheath might

be transmitted directly to the juvenile female at hatching

("vertical transmission" "). Alternatively, transmission of

bacteria from the water column might occur during or

after hatching ("horizontal transmission").

An ultrastructural analysis was conducted to observe

AN gland development and bacterial colonization in

newly hatched juveniles, older juveniles raised in captiv-

ity, and glands from mature females. Our results indicate

that the newly hatched squid do not contain a differenti-

ated AN gland, and thus vertical transmission cannot oc-

cur. Rather, when the gland appears many weeks post-

hatching, it is probably infected horizontally with bacteria

from the water column.

Electron microscopic studies indicate that the bacterial

colonization occurs in epithelial cell layers that have dif-

ferentiated structures such as ciliated epithelium to facili-

tate inoculation. This host tissue competence is similar to

that described for the Euprymna scolopes-Vibiio jischeri

symbiosis in which the light organ of the squid becomes

infected with bacteria (Montgomery and McFall-Ngai.

1994).

Materials and Methods

Squid culture

Adult specimens of L. opalescens Berry were captured

live in Monterey Bay. Fresh egg capsules spawned by

the captive squid were collected as previously described

(Biggs and Epel, 1991). To obtain freshly hatched juve-

nile squid, three to five of the freshly laid egg capsules

were cultured in a beaker containing 800 ml of UV-ster-

ilized seawater until hatching occuned. The seawater

in the beaker was exchanged daily and aerated. Water

temperature was 15°-17°C and light conditions were

12L:12D throughout the incubation period.

Juveniles used for the microscopic observations of the

later stages were raised in a flowing seawater system at

the Monterey Bay Aquarium to the maximum date of

129 days post-hatching by methods previously described

(Chen etal., 1996). Larger juveniles (1-cm mantle length)

were transferred into 180-gallon flowing seawater tanks.

Juveniles older than 60 days were fed Selco-enriched

adult brine shrimp {Anemia), a local species of mysid

{Acanllioiuysis sculpta ), and guppies (Poecilia reticulata )

of apprt)priate size.

Microscopic observations

For light microscopy of newly hatched juveniles, whole

hatchlings were fixed in glutaraldehyde (2% in sterile

seawater for overnight at 4°C), treated with osmium te-

troxide (1% adjusted to oceanic salinity/pH for 1 h). dehy-

drated in a graded series of acetone (20%- 100% in 10%

steps), and embedded in Spurr's plastic (SpuiT, 1969).

Blocks were sectioned transversely in \-pm intervals and

stained with toluidine blue (1 mg toluidine blue/ 100 ml

distilled water. 1-2 mg sodium borate, pH 9.1-9.3).

Older juveniles were fixed in 10% formalin, post-fixed

with glutaraldehyde. and embedded in Spurr's plastic as

above. For older juveniles too large for serial sectioning,

a small section of visceral tissue that included the region

of the AN gland was dissected under a stereoscopic mi-

croscope and then fixed with glutaraldehyde. So that fe-

Figure 1. Light micrograph of adult female accessory nidamental

gland and associated ink .sac. Arrows indicate differential coloring of

tubules, which may reflect different levels of colonization by pigmented

bacteria. The ink sac (is) and connective tissue (con) located adjacent

to the gland are labeled. The second lobe of this bilobed organ can be

seen in the lower right portion of the photograph. Magnification bar =

1 mm.
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Figure 2. 1 Uioiescem micmgrapli of l-/vni section of tixed and DAPI-stained tissues of the accessory

nidaniental gland. Bacteria (bac) densely populate the tubule, which is composed of columnar epithelial

cells indicated bv the arrow. Mas;nitication bar = 40 /jin.

males could be selected, the gonad at the anterior end of

the mantle cavity was first examined in thin sections by

light microscopy; if it was judged to be an ovary, the

sectioning was continued until the region of accessory

nidamental gland was observed. The following juveniles

were examined (age post-hatching followed by number

of specimens in parentheses): days (10): 46 days (I);

75 days (2): 87 days (1): 100 days (2): 129 days (1).

Accessory nidamental glands from adult females were

dissected and fixed in glutaraldehyde prior to embedding

in either Spurr's resin as described above or LR White

resin as described previously (Biggs and Epel, 1991).

Transmission electron microscopy

Freshly dissected adult AN gland tissue was cut into

2-mm sections and immediately placed into fixative con-

taining 4 ml 50% gluteraldehyde, 2.38 g HEPES ( 1 mAf),

and 80 ml sterile seawater (pH 7.2) and incubated on a

rotator overnight at 4°C. Fixed glands were rinsed in ster-

ile seawater and post-fixed in osmium tetroxide (1%) for

1 h at room temperature. After two seawater rinses (5 min

each), glands were dehydrated in an acetone series (20%

to 70%, 10 min each) and held overnight in 70% acetone

at 4°C. The acetone dehydration was continued (70% to

100%) using acetone dehydrated with CUSO4. Spurr's

resin was measured volumetrically and degassed under a

vacuum. Glands were incubated in a 50:50 mix of ace-

tone:Spurr"s for 2 h at room temperature, 25:75 mix for

2 h, and 100% SpuiT's overnight. Samples were then sus-

pended in fresh Spun"s. placed into BEEM embedding

capsules, and polymerized by baking at 70°C overnight.

A Porter-Bloom IVIT2B microtome was used to cut l-^m

sections, which were floated onto Formvar and carbon-

coated copper grids (Polysciences). After staining with

uianyl acetate and lead citrate, the sections were viewed

on a Phillips 201 transmission electron microscope op-

erating at 80 kV.

Results

In the adult female squid, the AN gland is adjacent to

the ink sac and digestive organs on the ventral side of

the mantle cavity (Fig. 1 ). The mature gland is compo.sed

of thousands of tubules, many of which are heavily colo-

nized by bacteria at the time of spawning (Fig. 2; al.so

see Bloodgood. 1977). Densities of the pigmented bacte-

ria varied within individual tubules, perhaps contributing

to the array of colors from orange to dark red displayed

on the gland surface (Fig. 1).

To study the mode of infection following hatching, the

region near the ink sac and gut tissues was observed in

newly hatched juveniles. The gonads were undifferenti-

ated, making it impossible to define the sex of these juve-

niles, so 10 specimens were analyzed to ensure that some

percentage of the sample would be female. In the 1-day

post-hatching specimens, no structure indicative of the

AN gland could be distinguished (Fig. 3). Only a large

ink sac suiTounded with muscular tissue and the digestive

organ were observed in all the juveniles analyzed.

In the older juveniles (46- to 129-days post-hatching)

cultured at the Monterey Bay Aquarium, it was possible
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Figure 3. Light micrograph of I-^in section of 1-day piist-hatching

Loligo opalescens showing the visceral mass, including the ink sac (is)

and digestive organ (do). Magnification bar = 100 /jm.

to track development of the AN gland. In these specimens,

the gonads had differentiated and the sex of the individu-

als could be determined. In the 46- and 75-day-old female

juveniles, the ink sac and digestive organ increased in

size, but no AN gland was observed (data not shown). In

the 87-day-old juvenile, an early developmental stage of

the AN gland was seen flanking the ink sac (Fig. 4). At

this stage the gland was a paired structure attached to the

outer muscular wall of the ink sac (Fig. 4A) and consisted

of a single layer of epithelial cells (Fig. 4B).

B

an

100 \im

con

40 pm

Figure 4. Light micrographs of l-/jm sections of accessory nida-

mental (AN) gland of S7-day-old juvenile. (A) Gland (an) and associated

ink sac (is). Magnification bar = 100 ^m. (B) Early tissues of AN gland

(an), including the basal connective tissues (con). Magnification bar =

40 nm.

A
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Figure 7. Transmission electron micrographs of bacteria present in

accessory nidamental gland at (A) 129 days and (B) m the adult female.

Note difference in morphological types and sizes between the juvenile

and adult organisms. Magnihcation bar = 0.5 ^m.

ponents of the cells are microvilli, with 7- to 10-tbld

fewer cilia than in the uninfected squid (Fig. 8B).

Micrographs also revealed "secretory vesicles"" within

the lumen of the mature AN gland (Fig. 9). These globular

structures were seen in a layer between the surface micro-

villi and the bacteria in the center portion of the tubule.

The composition and role of these vesicles has not been

resolved, but their ubiquity in the adult gland suggests

that the AN gland likely contributes both bacteria and

structural material to the egg capsule sheath.

Discussion

6B). Many cilia and some microvilli were observed on

the inner surface of both the completely formed and the

unformed tubules. The connective tissue layer on the

basal surface also continued to undergo significant differ-

entiation. Electron micrographs showed that some of the

tubules contained a few bacteria, but these were dissimilar

in ultrastructure to the bacteria seen in feral squid from

Monterey Bay (in Fig. 7. compare A with B). The bacteria

seen in the 129-day specimen have a distinct, gram-posi-

tive cell wall; in contrast, organisms found in both the

adult gland and purified culture have a gram-negative

double membrane. Protozoa were also observed in the

lumen of the 129-day AN gland (data not shown). Be-

cause the tubule was not completely formed, the presence

of the bacteria and protozoa might be adventitious and.

therefore, is not evidence for specific infection of the

differentiated gland in the 129-day-old squid.

The structures of the epithelial cell components of the

AN gland are distinctly different in the 129-day-old squid

and the colonized tissue of the adult. The cilia in the

juvenile AN gland are more numerous, presumably to

facilitate water flow and bacterial colonization (Fig. 8A).

In the adult gland laden with microbes, the primary com-

^y "'''go

o5

ci!

o
Po .

Figure 8. Transmission electron micrographs showing morphology

of lumen of accessory nidamental gland at two stages of development.

(A) At 129 days, vast numbers of cilia (cil) in the lumen (lum) are

surrounded by squid epithelial tissue (ec). (B) In the sexually mature

female, microvilli (mv) outnumber the ciliaandadensecolony of symbi-

otic bacteria (bac) resides in the lumen. Magnification bar = .5 /jm.

In the L. opalescens egg case, the most probable mode

of transmission of bacteria to the female accessory nida-

mental gland might intuitively appear to be vertical trans-

mission, in which the juveniles encounter the bacteria

upon hatching. However, by showing that the AN gland

is not differentiated until about 1 1 weeks post-hatching,

this study provides direct evidence that there is no vertical

transmission of microorganisms to early hatchlings. Hori-

zontal transmission to juveniles thus most likely occurs

from the water column at a later point in development.

This time is signiticantly after hatching: distinct morpho-

/ ®i

©Q . °

)'BW^

Figure 9. Electron micrograph of secretory vesicles" at the cell

surface of the epithelial cells of the accessory nidamental gland. Arrows

designate two examples of this secreted material. Magnification bar =

2 fjm.
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logical differentiation of epithelial cells is first visible at

about 60 days, progressing at 129 days to the formation

of tubules similar to those seen in adult squid (see sche-

matic in Fig. 10).

Our analysis of hatchlings and juveniles indicates that

a primordial, or rudimentary. AN gland first appears be-

tween 75 and 87 days post-hatching. By 129 days post-

hatching, tubules resemble the adult morphology and con-

tain numerous cilia (see Fig. 10).

The differentiated AN gland in the 1 29-day-old female

contained small numbers of bacteria, but they bore no

ultrastructural relationship to the bacteria seen in adult

females brought in from Monterey Bay (Fig. 7). Protozoa

were also present in the gland of the 1 29-day-old female

(data not shown), suggesting that the gland was open to

the seawater and that a variety of microorganisms could

get trapped within the tissue. It is probable that specific

infection occurs much later, as the squid approaches sex-

ual maturity. Another possibility is that the appropriate

species of bacteria were not present in the artificial condi-

tions of husbandry in the laboratory. It is unknown

whether the tubules of the adult gland remain exposed to

circulating seawater or close at one or both ends during

later gland development. One possibility that remains to

be investigated is that the bacteria are acquired at hatching

and harbored in an as-yet-unidentified site within the

squid hatchling to serve as a reservoir for seeding the

developing AN gland.

Bacterial-squid symbiosis has been well studied in the

luminous light organ of several cephalopod species (Bo-

letzky, 1970; Herring et ai. 1981; McFall-Ngai and

Montgomery, 1990; Pringgenies and Jorgensen, 1994). In

the case of the sepiolid squid Euprymna scolopes. the

symbiotic bacteria necessary for luminescence are ac-

quired from the sunounding seawater within hours of

hatching (McFali-Ngai and Ruby, 1991).

Although bacterial transmission is horizontal in both

the AN gland and the light organ, the time of bacterial

colonization differs greatly. This difference is consistent

with the different roles for the microorganisms in the

-1 1
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20 40 60
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B

Days post-hatching

Figure 10. Development of accessory nidamental gland in Loligo itpalcscens. Numbered bars indicate

days post hatching. (A) Transverse sections showing the locations of the digestive organ (do) and the ink

sac (is) over time are illustrated schematically. (B) Composite drawing, based on light micrographs, showing

differentiation and development of gland tissue and associated connective tissue layers. Locations of the

ink sac (is) and connective tissue (con) are indicated.
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two tissues. The symbiotic bacteria in the lij;ht iirgan ot

E. scolopes provide counterillumination (McFall-Ngai

and Montgomery. 1990). which is advantageous just

after hatching, when juveniles are especially vulnerable

to their predators, hi contrast, the role of the AN gland

and its associated bacteria is apparently related to sexual

maturation and reproduction, which occurs at I -2 years

of age.

Our electron micrographs of tissue from the juvenile

and adult AN gland show differences that are remarkably

similar to the tissue changes necessary for colonization

of E. scolopes by Vibrio fischeri. in which a cilia-rich

epithelium is replaced by a microvilli-rich one (Mont-

gomery and McFall-Ngai. 1993). In the case of the L.

opalesccns AN gland, primary colonization by the squid

symbiont probably requires regression of the cilia-rich

cells and proliferation of the microvilli-expressing cells.

These changes are likely to facilitate bacterial coloniza-

tion. Preceding infection, the cilia most likely wash copi-

ous quantities of seawater through the tubules to "pan""

for the specific squid endosymbiont (Ruby. 1996). It is

interesting that the squid light organ has been postulated

to have its evolutionary origin in the AN gland (Buchner.

1965: Bloodgood. 1977: Montgomery and McFall-Ngai.

1993).

The role of the secretions of the AN gland tissue is

still unknown. Proof that the gland contributes gelatinous

materials for egg capsule production (Boletzky, 1986) is

lacking. Micrographs of adult glands show "

"secretory

vesicles"" (Fig. 9) that may be either gland secretions or

lipids (Lum-Kong. 1992). It has also been suggested that

the AN gland functions in hormonal control of female

sexual maturation or mediates reproductive behavior by

secreting a pheromone that triggers mating (Richard et

cil.. 1979: Bloodgood, 1977: Lum-Kong and Hastings.

1992).

We suggest that a major role of the AN gland may be

cultivating bacteria for deposition to the egg capsules.

The precise function of the bacteria is unknown, but the

speculation first raised by Biggs and Epel (1991) that

microbes provide protective products to the embryos is

under investigation and continues to be an attractive hy-

pothesis.
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Abstract. The effects of temperature on development

and viability were measured at 14 levels between -2°C

and +3°C on embryos of two asteroids (Odontaster val-

idiis and Odontaster meridionalis ) and an echinoid

(Sterechinits neiimayeri ) from Signy Island. Antarctica.

Development rates were 2 to 10 times slower than those

for temperate or tropical echinoderms, with times to

hatching up to 240 h. Development rates for the two

asteroids differed by 1.15 X, and rates for both species

approximately doubled over the experimental tempera-

ture range. In O. validiis. embryo viability was indepen-

dent of temperature, but in O. meridionali-s viability

declined with increasing temperature. Development

rates for S. neiimayeri were little affected by tempera-

ture above -l-0.2°C, but declined rapidly at lower tem-

peratures. Conversely, the number of nonviable eggs

was low and constant below -H 1.7°C. but rose rapidly at

higher temperatures. A window of optimal temperature,

between -l-0.2°C and +1.7°C. has therefore been pro-

posed for development time and embryo viability in this

population of 5. neiimayeri. Spawning trials and field

observations of larvae indicated that the time of gamete

release and periods of larval development in S. neiimay-

eri coincided with austral summer sea temperatures in

the same window. Embryos of O. meridionalis and O.

validiis are released in winter, when temperatures are

constantly below — 1.6°C. Comparison of the different

strategies suggests that larval food supply and predation

during planktonic phases are not the dominant ecologi-

cal factors for these species.
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Introduction

Temperature and food availability are recognized as

the two major factors affecting the development of marine

invertebrate larvae (Thorson, 1950). The thermodynamic

effect of temperature on physiological rates is a funda-

mental structuring element in biological processes and is

perhaps the more straightforward of the two factors to

understand. The powerful effect of temperature on larval

development has long been recognized (Orton, 1920; re-

viewed by Pechenik, 1987). Nutrient availability, from

reserves in brooded and lecithotrophic larvae and via

feeding by planktotrophic larvae, is also clearly essential

to sustain development to maturity. These factors should

be of great importance in polar environments where tem-

peratures are low and summer phytoplankton blooms

short. However, the relative importance of temperature

and resource availability to Antarctic larvae is not yet

generally agreed upon (Clarke, 1992: Hoegh-Guldberg

and Pearse, 1995).

The aim of this study was to investigate how the inter-

action of these two factors influences geographical distri-

butions and reproductive .strategies. Echinoderms were

chosen because many of their Antarctic representatives

have planktonic larvae (Bosch and Pearse, 1990). The

three species used were the common cushion stars Odon-

taster validiis Koehler and Odontaster meridionalis

(Smith), and the regular urchin Sterechiniis neumayeri

(Meisner). All are ubiquitous and abundant in Antarctic

waters, and their distributions overlap at Signy Island; all

have been the subjects of previous research (McClintock

et ai. 1988; Bosch and Pearse, 1990; Brey et ai. 1995).

Both species of Odontaster have circum-antarctic distri-

butions (McClintock et ai. 1988). O. meridionalis has a

northerly limit at South Georgia (54°S. 36°W) and Ker-

44
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guelen Island (49°S, 63°W), and occurs at depths between

15 and 59U m: whereas O. vciliihis has been reported from

Shag Rocks (53°S. 42°W) and Bouvetoya (54°S. 03°E).

from to 914 m (Clark, 1963). The obligate sponge-

feeding O. meridionalis usually occurs at much lower

densities than the predatory or scavenging O. validus

(Dayton et al., 1974). S. neumayeri is a nonspecific grazer

(Pearse and Giese, 1966) and has a circum-antarctic distri-

bution as far north as Kerguelen Island, from to 400 m
in depth (Brey and Gutt. 1991).

The larvae of both Odontaster and Sterechinus are pe-

lagic and planktotrophic. Asteroid gastrulae develop into

bipinnaria, whereas the echinoid gastrulae become plutei.

both about 1 mm long (Bosch. 1989; Bosch et al. 1987).

Odontaster bipinnaria occur during the Antarctic winter,

defined here as the mean period for which fast ice is

present (Murphy et al.. 1995), usually under the sea-ice

and at a time when very little phytoplankton is in the

water column (Clarke and Leakey. 1996). The possibility

of starvation in O. validus larvae has been investigated

by Olson et al. (1987). Bacterivory has been proposed as

a supplementary food source for asteroid larvae (Rivkin

et al., 1986), although its importance to Antarctic larvae

has been questioned (Pearse et al.. 1991). However, the

plutei of S. neumayeri develop and feed during the austral

summer, a period of high phytoplankton standing crop

and many associated zooplanktonic larval predators (Mor-

gan, 1995). The larval phase of almost all marine inverte-

brates is the most vulnerable stage in their life history

(Thorson, 1950). The ecological question is therefore.

Why does such different seasonal timing occur in func-

tionally similar echinoderm larvae from the same environ-

ment?

Materials and Methods

Spawning induction

Ten adults of each of the three species (Odontaster

validus. Odontaster meridionalis. and Sterechinus neu-

mayeri) were collected at monthly intervals by scuba

divers in Borge Bay, Signy Island, Antarctica (60° 43'S,

45° 37'W). Collection depths and periods were as follows:

O. meridionalis. 8-10 m from January 1994 to Februai7

1995; O. vcdidus. 36 m from February 1993 to February

1995; S. neumayeri. 16- 18 m from February 1993 to Feb-

ruary 1995. The animals were immediately transferred to

a fiow-through aquarium at the British Antarctic Survey

research station for about 24 h, then put into 500-ml bea-

kers of filtered (1.2 ^m; Whatman GF/C) seawater stand-

ing in a shallow tank of running seawater. The gonadal

regions of the starfish were injected with 1-2 ml of 1-

methyl adenine (IMA, 10"^ M in seawater) (Chia and

Walker, 1991), which induced spawning within a few

hours if the animals were gravid (Bosch, 1989). To induce

spawning in S. neumayeri. about 2 ml of 0.5 M KCl in

seawater was injected into the coelom (Bosch et al..

1987); gravid individuals spawned within a few hours of

the injection.

Culture nu'tliods

An aluminium thermogradient block with apertures for

70 universal tubes (30-ml volume), in five rows of 14

tubes, was kept in a controlled temperature (CT) room

set at 4-2°C. Thermocirculators at each end of the block

were set at -2°C and -l-3°C respectively to represent the

annual range of sea temperature around the Antarctic Pen-

insula and Sub-antarctic Islands (Foster, 1984). A 13-

step temperature gradient was maintained with very low

fluctuation. Construction notes and methods, with illustra-

tions, are given by Baker (1974). The overall temperature

range and variation at each step were monitored for 48 h

before each experiment, and data were stored on a Grant

Instruments ""Squirrer" data logger. A precision elec-

tronic thermometer was used to measure the temperature

of each culture prior to sampling. The culture water was

exchanged every 48 h with precooled and aerated filtered

( 1 .2 jjnr. Whatman GF/C) seawater. The five apertures at

each temperature step were used as follows: two replicate

larval cultures were maintained, and replacement water at

the same temperature as the cultures was kept in adjacent

apertures; the spare (fifth) tube was used for monitoring

with the thermometer probe. The CT room was kept dark

during the experimental period to minimize the possible

conflicting effect of an artificial diurnal light pattern.

The development experiment was conducted on eggs

and sperm collected at the peak of spawning for each

species. These peak periods were different for each spe-

cies, so the dates for the experiments varied accordingly;

O. meridionalis embryos were incubated for 235 h start-

ing on 22 July 1993; O. validus. 244 h starting on 15 June

1994; and S. neumayeri. 155 h starting on 17 October

1994. Eggs were collected in 1000-ml beakers and held

in monolayers on the bottom of each beaker. Sperm were

diluted with filtered seawater until translucent grey. To

fertilize the eggs a few drops of the sperm were stirred

into each beaker (following Strathmann, 1987). After a

rapid wash in filtered seawater, the newly fertilized eggs

were immediately transferred to the precooled universal

(30-ml) vials in the thermogradient block. To prevent

overcrowding, no more than a monolayer of embryos was

put in the bottom of each vial (MacBride, 1900); this

equated to about 250 embryos per incubation tube.

The remaining embryos were kept as controls in two

3000-ml beakers on a flow-through seawater table in the

aquarium. A monolayer of eggs developed at ambient sea

temperature and were stirred at the same time as the

experimental cultures in the thermogradient block were
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checked. Fertilization was confirmed after about 30 min

by the presence of a fertilization membrane, as observed

with a compound microscope at 400x magnification. The

cultures at each temperature were observed alternately,

to minimize disturbance (Bosch et al.. 1987).

Cidturc ohst'iTcition

Development in the cultures was monitored by pi-

petting about 100 embryos into a precooled cavity slide

and photographing them at I2x magnification with a

Wild M3 microscope, set up in the CT room. The cultures

were observed every 4h for the first 12 h. then every

12 h until the approach of hatching. When hatching was

imminent, 4-h intervals were reinstated. The control cul-

tures were observed at the same intervals and by the same

method as the experimental cultures. Photographs were

taken on Ektachrome ISO 200 transparency Him, which

was subsequently projected for calculating the various

stages of development. The use of photography enabled

development to be assessed rapidly, with minimal distur-

bance to the embryos. The times for 50% of the embryos

to reach eight cells, blastulae, and hatching were recorded,

together with the number of eggs and embryos failing to

develop.

Data for each species were analyzed with Arrhenius

plots (log of development rate as a function of the recipro-

cal of absolute temperature). Linear regressions were used

where suitable, and compared using Minitab ver. 10 for

regression analysis (Sokal and Rohlf, 1981). A broken

stick model (one break) was fitted to S. neumayeri devel-

opment times on the Arrhenius plot by the maximum

likelihood method, using Genstat ver. 5.3 (Payne et al..

1993).

Field obserx'tition of lan'ue

A two-year survey of the planktonic invertebrate larvae

around Signy Island was carried out at the same time as

the experiments described (Stanwell-Smith et al., in

press). Diver-towed nets and a handheld, diver-operated

suction pump were used for regular sampling (method

details in Stanwell-Smith etal.. 1997). Samples were col-

lected at five sites at intervals of 2 to 4 weeks, both at

20 cm above the sea bed and 20 cm below the sea surface.

A total of 317 net tows were made by divers. All relevant

data were pooled to produce overall values of larval abun-

dance in the water column.

Results

Development and embryo viahdity

The embryos were transparent, enabling easy identifi-

cation of different development stages of each species.

At the lowest incubation temperature (-2.02°C) the de-

velopment tunes of O. meridionalis embryos were the

longest, taking about 50 h for 50% of the embryos to

reach the 8-cell stage, and 240 h for 50% to hatch (Fig. 1 ).

A steady reduction in development time with increasing

temperature was also observed. For all three species,

times to hatching approximately halved over the experi-

mental temperature range (-2.02°C to -^2.83°C). In O.

meridionalis the number of eggs remaining unfertilized

had a strong positive correlation with temperature (v =

2.59.Y -I- 11.15, r = 0.95. Fig. 2). Thus, the number of

nonviable eggs increased with temperature from about

6% at -2.02°C to about 18% at -l-2.83°C; this was the

reverse of the trend for development time. Development

times for O. validii.^ were similar to those of O. meridio-

nalis. and the time to 50% hatching also shortened with

increasing temperature (Fig. 1 ). However, in contrast to

O. meridionalis. O. validiis showed no relationship be-

tween temperature and its percentage of nonviable eggs

(V = -0.31.1 + 12.87, r = 0.03; Fig. 2). which averaged

about 13%. The eggs that failed to fertilize constituted

more than 95% of the embryos that did not hatch during

the experimental period; the other 5% was composed of

occasional embryos that divided only once or twice before

ceasing development.

The time for S. neumayeri embryos to reach the 8-cell

stage was between 15 and 40 h, and was similar to that

for the starfish. Times declined by about half over the

experimental temperature range, in a fashion similar to

that seen in Figure 1 for hatching. The methods used here

were unable to detect temperature-related differences in

250
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Figure 1. The time taken for 50% of Oiloiiluster meruiioinilis (•).

O. validus (O) and Sterechinus neumayeri (A) embryos to hatch, as

indicated by the loss of the fertilization envelope (Chia and Walker,

1991). Data were taken from photographs of larvae in cultures. The

control cultures times are also indicated (B).
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Figure 2. The number of nonviable eggs and embryos in each cul-

ture at each temperature step. Oclonmsler incriilionalis (•) was htted

by hnear regression (v = 2.59j: -I- 11T5, r = 0.95). as was O. valulus

(O) (v = -0.3 l.v + 12.87. r = 0.03). Sterechimis neuimiyeri (A) data

were titled with a broken stick model by the ma.ximum likelihood

method (94% of variance accounted for).

lated and fitted to the two data sets by analysis of covaii-

ance. The resulting intercepts were significantly different

(difference = -0.0135, / = -6.78, P < 0.0001). indicat-

ing that O. validus embryos were, on average, developing

at a rate 1.15 times faster than O. meridioiudis.

A broken stick model was fitted to the data for the

development rate of 5. neiimayeri (Fig. 3); the fit ac-

counted for 98% of the variance. Maximum likelihood

showed that the break point occurred at -l-0.2°C. Below

this temperature, development rate increased rapidly with

temperature (v = 0.242.V -4.53. r = 0.97). but above it

development rate did not alter significantly with tempera-

ture (V = 0.006.V -4.47, r = 0.23).

Q,„ values

The Qw coefficient is a measure of the change in rate of

a process with temperature (Cossins and Bowler, 1987). It

is expressed as the factorial rate change over a 10°C temper-

ature step and was originally devised for biochemical sys-

tems. It is useful here for comparing development rates

between species and emphasising differences between rates.

In physiological systems, g,,, values are usually between 2

and 3 (Clarke. 1983), and a C?ii) of 1 indicates no change

with temperature. Although the temperature range here is

development rates to the blastula stage for S. neumuyeri.

and results indicated that embryos took just over 40 h to

reach this stage. Clearly, very small differences in devel-

opment rate could have gone undetected. Data for 50%
hatching times presented a different picture. Development

time declined rapidly between -1.8°C (153h) and

-1-0.2°C (88 h). Above 0.2°C. times to hatching were inde-

pendent of temperature. The percentage of nonviable eggs

in S. neiimineri was very low and constant (about 1%)

below -l-1.7°C (Fig. 2). Above 1.7°C, the proportion of

nonviable eggs rose rapidly to about 13% at -l-2.83°C. A
broken stick model (one break) fitted by the maximum

likelihood method showed a break point at + 1 .7°C, and

the fit accounted for 94% of the variance in the data.

Arrheniiis plot

An Arrhenius plot is a simple description of the rela-

tionship between reaction rate and absolute temperature.

Although originally developed for estimating activation

free energies in enzyme kinetics, Arrhenius plots are often

applied to the temperature behavior of complex biological

systems (Clarke, 1983). When development rates based

on the 50% hatch times (log transformed) for the three

species were plotted against the reciprocal of absolute

temperature (Fig. 3). data for both of the Oilontaster spe-

cies yielded straight-line relationships, and their slopes

were not significantly different from one another {F =

1.3, df = 1, 24, P = 0.27). A common slope was calcu-

-4.4

-5.0

3.69 3.67 3.66 3.65 3.64

Temperature = 1000 / T (K)

3.63

-2-10 1 2 3

Temperature (°C)

Figure 3. Arrhenius plot of the development rates of Odontaster

mfiiodonaUs (•). O. valktiis (O) and Slerectuniis neiimayeri (A). Bro-

ken stick model fitted by the maximum likelihood method (98% of

variance accounted for). Straight lines fitted by linear regression; O.

validus (y = OMx - 5.02. r = 0.91), O. meriodonalis (y = O.iix -

5.16, r = 0.98). Actual temperatures are also shown on second axis

for clarity. Development rate was calculated as the reciprocal time to

50% hatching.
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narrow (about -2.9°C to +2.0°C). the Q,,, for development

times to 50% hatching were calculated. Qut = 3.8 for O.

mehdiomiUs. 4.5 for O. valiilus. and 13.6 below +0.2°C

and 1.1 above +0.2°C for S. newmiyeri.

Spauniiii; and field observations

The result.s from the regular spawning trials were com-

pared with environmental data from Clarke et al. ( 1988)

and Clarke and Leakey ( 1996), particularly for sea tem-

perature and microplankton chlorophyll a biomass for the

period January 1993 to February 1995 at Signy Island

(Fig. 4). Spawning was successfully induced in both the

starfish species during the winter months (May— July).

A few S. neiiiuayeri indi\iduals could be induced from

June onward. Of these, only males spawned in June, July,

and August; females could be induced from September

onward. In both sexes, peak spawning induction occurred

in November. Field observations of gastrulae have been

combined with those for bipinnaria (for asteroids) or plu-

tei (for echinoids) in the kite diagrams (Fig. 4), giving

values for overall pelagic larval abundances in the water

column. Odontasier larvae occurred between June and

September of both years at densities up to 0.76 m \ S.

neuniaveri larvae were present between December and

February in much lower numbers than the starfish (up to

0.09 m '), and were observed only during the 1993-1994

austral summer. It is clear that the timing of spawning
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Figure 4, Field data collected between January 1993 and Febmary 199?. The kite diagrams show the

number ol^ larvae caught (per 3(J00 1 seawater filtered). The shaded bars show when spawning could be

induced in the three echinoderni species: D = (yA-259c animals spawned. D = 25'7r-75'7f spawned,

= 75%- 100% spawned. Note that the entire length of the lines indicate experimental duration {Odoiiuisifr

validus was sampled for two years; O. meriodonalis and Sterechinus neumayeri were only sampled during

the second year of the study). The chlorophyll a plot shows the microphytoplankton chlorophyll standing

crop (>20^m filter, mg-m '), with a dotted line indicating missing data. Temperature and chlorophyll

data adapted from Clarke and Leakey ( 1996).
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induction closely matches the observed seasonal pattern

of larval occurrence in the wild.

Discussion

A reduction in development time with temperature (
=

increasing development rate) was observed in all three

species (Fig. 1 ). This was expected, as development rates

in Antarctic ectotherms are much lower than in temperate

and tropical species (Clarke, 1992) and our data tor S.

neumayeri below 0.2°C agree with the general relation-

ship found for echinoids (Fig. 5) from all latitudes by

Bosch et al. (1987). Above 0.2°C the development rates

depart from the general relationship. Development in S.

neumayeri was 2 to 10 times slower than rates for temper-

ate and tropical species at their normal habitat tempera-

tures.

The changes in development rates with temperature of

the two OdoiUaster species were not significantly differ-

ent from one another, but O. mcridionalis was 1.15 times

slower at all measured temperatures (Fig. 3). Its slightly

lower 2iii value may also indicate less influence of tem-

perature on development rate. If temperature were the

sole criterion, it would be advantageous for both species

to release larvae in the warmer seas of the austral summer,

when development would proceed at a rate about 1.5

times faster than in winter. However, other factors must

be considered. The number of nonviable embryos released

by the two species varied. For O. meridkmalis. the num-

ber of fertilized eggs that did not develop further rose

150

5 10 15

Temperature (°C)

Figure 5. Duration of embryonic development to hatching as a

function of temperature of several .species of echinoids at different lati-

tudes (adapted from Bosch et al., 1987). Results from tropical and

temperate species (D), Slerechiniis neumayeri from McMurdo Sound

(O), and S. neumayeri from the present study (•), The line was fitted

by eye.

significantly as the temperature increased, from 7% at

-2°C to 19% at -h2.5°C (Fig. 2). For O. vulidus. however,

the number of nonviable embryos did not increase with

temperature, averaging about 12.5% throughout. This

suggests that, for O. meridionalis at least, larvae gain

some survival advantage by developing in the colder wa-

ters of winter.

Looking at the field data (Fig. 4), it is clear that both

Odontaster species spawn in the wild during the austral

winter months and can be induced to spawn from May
to August. As measured by Bosch ( 1989), the interval for

O. mehodonalis and O. vulidus to develop from fertilized

egg to feeding bipinnaria was about 35 days, which agrees

with the timing of larval presence in the water column

in the present study (June to September). These starfish

probably obtain a reduction in mortality by avoiding pe-

lagic predators associated with the summer phytoplankton

bloom (Clarke, 1988). O. meridionalis also has reduced

mortality at winter temperatures, as a result of the rela-

tionship between embryo viability and temperature (Fig.

2). The disadvantages of a winter spawning strategy in-

clude a slower (by a factor of 1.5) development rate and

a diminished food supply. Slowed development rates may
carry with them the extra energetic requirement of an

increased overall maintenance metabolic cost when

summed from fertilization to settlement (Clarke, 1992). It

is possible that higher overall metabolic costs and reduced

food availability are a disadvantage for winter larvae.

However, Rivkin et al. (1986) produced evidence that

asteroid larvae could feed on bacteria, and Peck (1993)

found that larvae of the Antarctic nemertean Parhorlasia

corrugatiis were capable of feeding on particles less that

1 /L/m in diameter. Bosch et al. ( 1991 ) showed that algae,

bacteria, dissolved organic matter, and endogenous re-

serves could all make significant contributions to the nu-

trition of larvae of the Antarctic starfish Porania antarc-

tica. In contrast, Pearse et al. ( 1 99 1 ) found that bacterial

ingestion by O. validus larvae was of little importance,

and that temperate echinoderm larvae did not ingest bacte-

ria at all. More recently still, Hoegh-Guldberg and Mana-

han (1995) and Prothero-Thomas (pers. comm) have

found that metabolic rates are so low in Antarctic echino-

derm larvae that they may not need to feed at all during

development. Irrespective of these considerations, the

wide distribution and abundance of O. vulidus and O.

meridionulis demonstrate the success of their winter

spawning strategy.

5. neumayeri has a different strategy. Below +0.2°C, its

development rate was strongly influenced by temperature.

The calculated Q^ of 13.6 is very high—beyond the

range typically accepted as normal for biological systems

(Clarke, 1983), suggesting that this response is not that

usually presented by an enzyme-mediated reaction sys-

tem. Other factors such as changes in membrane perme-
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ability (Hochachka, 1991) may be important at tempera-

tures at the lower end of a species tolerance range and,

in the case of the Signy population of 5. neumayeri, below

+0.2°C. This would also suggest that below the break

point for development rate data in the Anhenius plot (Fig.

3), S. neumayeri is developing at the lower end of its range

of temperature tolerance (Hoegh-Guldberg and Pearse.

1995). Above +0.2°C the development rate was indepen-

dent of temperature up to the maximum temperature in

the investigation (+2.8°C). The inference based on this

observation is that development rate has reached its upper

limit at 0.2°C. and further temperature rises are incapable

of increasing the rate.

From temperature alone it would seem that S. neumay-

eri could maximize its rate of larval development by

spawning when the sea was at or above +0.2°C, as in the

austral spring/summer period at Signy Island. Once again

the system is more complex than this. Embryo mortality

in 5. neumayeri is independent of temperature below

-l-1.7°C, but increases rapidly above this: the next 1°C

rise in temperature produces a 6-fold increase. The results

(Figs. 2, 3) suggest there is a sea-temperature window

between -1-0.2°C and -l-1.7°C in which development rate

and embryo viability are optimized. The field data (Fig.

4) concur, showing that S. neumayeri produces embryos

and larvae within the proposed temperature window. It is

competent to spawn and can be induced to do so from

May to October, when sea temperatures range between

-1.8°C and -1.6°C. However, the period of maximum
spawning competence was later than this, in November,

when sea temperatures were approaching 0°C. (Such opti-

mal temperature windows for development were also ob-

served by Orton, 1920.)

Wild larvae were only found in the water column from

about December to January, at temperatures around

-l-0.5°C (Stanwell-Smith et al. in press). Bosch et al.

(1987) measured the development time from fertilization

to plutei stage as about 20 days, suggesting the successful

larvae seen in the water column had developed from ga-

metes released in November, and that earlier spawnings

in field populations are absent or rare. The rising sea

temperatures observed in November may therefore be a

cue for spawning in the Signy Island S. neumayeri popula-

tion. The phytoplankton levels are also increasing at this

time and have been closely correlated with spawning

times in the patellid limpet Nacelki concinna (Stanwell-

Smith and Clarke, 1997), thus suggesting another possible

cue (Starr et al., 1990).

S. neumayeri larvae were also observed in plankton

samples from McMurdo Sound during the end of Novem-

ber and the beginning of December (Bosch et al.. 1987),

which was within the same interval that S. neumayeri

larvae were observed in the present study (Fig. 4). The

temperature at McMurdo remains constant at about

-1.9°C (Littlepage, 1965), so this conflicts with the sug-

gestion of optimizing a temperature "window." Spawn-

ing synchrony maximizes fertilization success in free-

spawning animals (Levitan, 1995) and thus high-latitude

populations would benefit from environmental spawning

cues of some sort. Deep-sea echinoids exhibit aggregation

prior to gamete release (Young et al., 1992) as well as

spawning synchrony. The thermal stability at McMurdo,

as in the deep sea. suggests an alternative cue to tempera-

ture— perhaps phytoplankton?

Temperature and development were investigated in O.

validus and O. meridionalis from populations at Mc-

Murdo Sound, Antarctica, by Hoegh-Guldberg and Pearse

(1995). Their data show a different relationship than

found for these same species at Signy Island, but are

similar to the data for S. neumayeri (Fig. 3). Arrhenius

plots of development rate were fitted with a broken stick

model. The break point in the Hoegh-Guldberg and Pearse

( 1995) data occurred at 0°C, and the effect of temperature

on development rate above that point was small. If the

lower part of the broken plot were translated to the right

in the Signy Island population, the break point for those

embryos would be above -1-2. 8°C. The plot for the Signy

Island starfish would not, therefore, include a temperature

range high enough to show a dramatic change in develop-

ment rate. A translation of this type might be expected

(Precht el at.. 1973) when going from a population

adapted to the McMurdo marine environment, where tem-

peratures are permanently about -1.9°C (Littlepage,

1965), to Signy Island, where the annual temperature

ranges from a winter low at -1.8°C to a summer maxi-

mum between -1-0.5°C and -t-1.0°C (Clarke and Leakey,

1996). Applying the same logic to the McMurdo S. neu-

mayeri data suggests that embryonic development rates

in McMurdo populations of this urchin should have a

break point at a lower temperature than that found in the

present study (-h0.2°C).

There are both advantages and disadvantages associ-

ated with the winter spawning strategy of the two starfish,

O. validus and O. meriodonalis. and the summer spawn-

ing strategy of the urchin, S. neumayeri. However, neither

the advantages nor the disadvantages are overwhelming.

The data therefore suggest that the important selection

criteria for these echinoderms are not associated with pre-

dation from bloom-associated predators or with the abun-

dance of food. Other factors that could be important are

egg quality, which should be related to previous adult

nutrition, and predation by benthic suspension feeders

during the settlement phase.

The relationships found here between development rate

and temperature and between embryonic mortality and

temperature may be important factors affecting distribu-

tions of Antarctic echinoderms. Variations in these char-

acters between populations adapted to different tempera-
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ture regimes clearly indicate their role in delineating the

ability of a species to colonize a given habitat. The study

also shows evidence for local population adaptation in

embryonic development.
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Abstract. We examined recovery of claw size and func-

tion following autotomy in red rock crabs Cancer pro-

ductus. We also tested for costs of regeneration to growth

and documented the frequency of claw injury in C. pro-

ductus populations in Barkley Sound, Canada. Field and

laboratory results indicated that crabs required at least

three molts to recover a full-length cheliped. For injured

crabs, regenerating claws were significantly less powerful

than contralateral, normal (i.e., uninjured) claws even two

instars after autotomy. Greater mechanical advantage in

normal claws of injured (versus uninjured) crabs, how-

ever, suggests some morphological response by the re-

maining normal claw to increased exercise. Despite this

compensatory response, our experiments indicate that in-

jured crabs remain at a significant disadvantage while

foraging. After adjusting for differences in propodus

length, both regenerating and normal claws of injured

crabs delivered significantly lower crushing forces than

did claws of intact crabs. Energetic costs, in the form of

reduced body size increase at the molt, were detected

only for crabs regenerating both claws. High incidences

of single claw loss in C. productus in Barkley Sound,

together with our experimental data, suggest that much of

the population experiences a prolonged foraging handicap

following injury.

Introduction

Many animals possess the ability to self-amputate, or

autotomize, an appendage in response to injury or its
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threat (Robinson et ai, 1970: Medel et ai, 1988; McCal-

lum et ai, 1989; Smith, 1995). Although the absence of

an appendage can impair subsequent performance (e.g.,

Vitt et ai, 1977; Sekkelsten, 1988; Smith and Hines,

199 la; Davenport f/a/,, 1992; Smith, 1992, I995;Juanes

and Smith, 1995). the handicap is considered temporary

because, in most cases, individuals are able to regenerate

the missing structure. Regeneration of a normal-length

limb generally requires a minimum of two molts (e.g.,

Miller and Watson, 1976; Savage and Sullivan. 1978;

Smith. 1990); however, the actual time to replace an ap-

pendage completely can vary dramatically (e.g., <1 y in

juvenile king crabs. Paralithodes camtschatica, 4-7 y in

young adults; Edwards. 1972). If the regenerative process

is prolonged and the regenerating appendage functions at

a level significantly below that of a normal one, then

the long-term cost of autotomy to individual performance

could be high. In this study, we examine recovery of

claw size and function following autotomy in Ccmcer

productus, a common shallow-water molluscivorous crab

in the eastern Pacific Ocean.

In crustaceans, recovery of a normal-length limb fol-

lowing autotomy is dependent on the molt frequency and

the proportion of limb length replaced at each ecdysis

(Goss. 1969; Skinner. 1985). These factors, in turn, can

vary with species, age of the animal, and extent of injury.

For example, blue crabs (Callinectes sapidus) are able to

recover 85% to 90% of their normal limb length in the

first post-autotomy molt and nearly 100% in the second

molt (Smith, 1990). In contrast, spider crabs (Chionoe-

cetes opilio) recover about 48% and 73% of the normal

* To whom coiTespondence should be addre.ssed. E-mail: ldsmith@-

lynx.neu.edu
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limb length in the first and second molt (Miller and Wat-

son, 1976). Because molting frequency typically declines

with age in most crustaceans (HartnoU. 1982). regenera-

tion will take longer in older individuals (Smith and

Hines, 1991ft). The effect of limb autotomy on the molt

cycle is more complex: it can accelerate or delay ecdysis.

depending on the number of limbs removed and the stage

at which injury occurs (Hopkins. 1982: Spivak. 1990:

Smith, 1990).

In many brachyuran crab populations, cheliped (claw)

autotomy is the most common form of limb injury (Smith

and Hines, 1991/?: Juanes and Smith, 1995). This type of

injury can have profound fitness consequences given the

functional importance of chelipeds [e.g.. Lee and Seed.

1992: Lee, 1995: Seed and Hughes, 1995) and their rela-

tive contribution to total body mass {e.g.. ca. 50% in

Menippe mercenaria. Simonson and Steele, 1981). In

molluscivorous crabs, chelipeds must generate sufficient

closing force to break the defensive armor of their prey

(Vermeij. 1983: Boulding and LaBarbara, 1986). Because

closing force is a function of muscle mass as well as the

size, dentition, and leverage properties (e.g., mechanical

advantage) of the claw (Brown et ai. 1979: Elner and

Campbell, 1981 ). one would expect the smaller regenerat-

ing claw to deliver less crushing force than a contralateral

limb of normal size. Regenerating claws, however, might

also fail to operate at their size-specific functional capac-

ity if their leverage properties or muscle development

differ from those of equivalently sized, normal chelipeds.

In either case, smaller closing forces generated by regen-

erating chelipeds could limit the type or size of prey taken

(Elner, 1980),

The potential exists for the contralateral normal cheli-

ped to compensate for reduced function in the regenerat-

ing cheliped through either behavioral or morphological

changes. Smith and Palmer (1994) have shown that exer-

cise in Cancer productus can increase cheliped size and

strength in subsequent instars. If reduced function in re-

generating chelipeds leads to an increased workload for

contralateral claws, the latter may become relatively

larger and more powerful. Performance levels of regener-

ating chelipeds and the effect of injury on the contralateral

cheliped have not. however, been examined in brachyuran

crabs.

Regeneration of a missing appendage involves ener-

getic trade-offs, and cheliped replacement has been shown

to reduce size increase at the molt (Bennett. 1973: Chit-

tleborough, 1975: Kuris and Mager, 1975: Hopkins, 1982:

Smith, 1990). Because smaller animals are often at a dis-

advantage in encounters with predators and competitors

(Werner and Gilliam, 1984: Garvey et ai. 1994), divert-

ing resources meant for growth to regeneration has poten-

tially serious ecological consequences.

In this study, we document the recovery of functional

performance in injured Cancer productus individuals by

comparing the mechanical advantage and maximum
crushing force of regenerating claws with the same char-

acteristics in normal claws of injured and intact crabs. We
estimate the number of instars required by C. productus to

regenerate a normal-length cheliped as a function of body

size, and we determine the energetic cost of regeneration

by comparing growth increments after one molt for regen-

erating and nonregenerating crabs. Finally, to assess the

extent of handicap in C productus populations, we docu-

ment the frequency of claw loss and regeneration in two

populations in Barkley Sound, British Columbia. Our data

show that ( 1 ) regenerating claws are weaker than the

contralateral normal claw, (2) both regenerating and nor-

mal claws of injured crabs operate below their size-spe-

cific functional capacity, (3) this disadvantage persists for

several instars following autotomy, and (4) claw injury

is common in the field. As a consequence, the functional

cost of autotomy to foraging may be more extensive than

previously thought.

Materials and Methods

Claw regeneration and growth increments

Two hundred forty-three crabs ranging in carapace

width from 19 to 146 mm were kept between June and

August 1993 in laboratory seawater tables at Bamfield

Marine Station in Bamfield. British Columbia. Among
these were crabs with two normal-size chelipeds (intact)

and those missing or regenerating one or both chelipeds

(injured). Crabs were held individually in plastic freezer

containers (1 X w X h = 12 cm X 10 cm x 13 cm for

smaller crabs: 30 cm X 18 cm x 10 cm for larger crabs)

with mesh sides in constantly flowing seawater (32 ppt

salinity, ~12°C temperature). Crabs were fed mussels,

Mvtilus californianus and M. trossulus, ad libitum every

other day. Each crab received mussels within a size range

that it could easily crush.

Cheliped propodus lengths (distance from the proximal

end of the manus to the distal tip of the fixed finger) of

crabs regenerating one or both chelipeds were measured

after each molt to determine percent claw regeneration

([regenerating propodus length/normal propodus length]

XlOO). Normal"" propodus lengths were estimated by

regressing carapace width (CW, distance between antero-

lateral spines, in millimeters) against propodus length for

intact crabs with two normal claws (propodus length =

0.456 CW - 2.1 1, « = 305 chelae, R- = 0.98). Mechani-

cal advantage, an indicator of grip strength (Warner and

Jones, 1976: Seed and Hughes, 1995). was measured in

regenerating and normal claws. Mechanical advantage

(L|/L:) was calculated by dividing dactyl height {L,. the

distance between the dactyl pivot point and the attachment

site of the dactyl with the closer apodeme) by dactyl
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length (L;, the distance between the dactyl pivot point

and the dactyl tip) for each claw type. For all crabs that

molted while in captivity, we recorded increases in cara-

pace width (in millimeters) and blotted wet weight (in

grams) [(postmolt-premolt size)/premolt size] xlOO.

Crushing force in regenerating and intact crabs

Crushing forces were determined for regenerating and

normal claws of injured crabs and for normal claws of

intact crabs by encouraging crabs to grasp a device that

registered the force applied. The device consisted of a

stationary lower ring and a movable upper ring; the latter

was attached at a 90° angle to a 2-mm-thick flexible steel

beam by means of a set screw (Smith and Palmer. 1994).

Crabs were maneuvered so that the fixed finger of the

cheliped fit into the lower ring and the dactyl into the

upper ring, each at their midpoint. The distance between

the inner margins of the rings was set at about 60% of

the maximum gape (determined by regression of maxi-

mum gape of normal claws versus CW) at the midpoint

of the claw. Crabs were held stationary with their chela

at a right angle to the rings and allowed to squeeze the

rings for 10 s. Forces were transduced by two strain

gauges (BAE-13-250BB-350TE; 350 Q, William Bean.

Inc., Detroit. MI) glued to opposite sides of the beam.

The signal was amplified by a Wheatstone bridge powered

by two 6-V batteries and registered onto a Hewlett-Pack-

ard 8045A X-Y chart recorder. Crushing forces (newtons)

were calculated after calibrating with known weights.

Crushing force measurements for selected crabs were

conducted over a period of 1 month. Crabs were given

at least 24 h to recuperate between trials. For crabs with

regenerating claws, normal and regenerating claws were

measured on alternate trial days. For crabs with two nor-

mal claws, right and left claws were tested on alternate

trial days. Crabs that molted less than 2 weeks prior to

or 1 week subsequent to the tests were excluded from

analysis, as were crabs that crushed in less than 50% of

the trials (mean number of trials per claw in which crush-

ing occurred ± 1 SD = 4.7 ± 1.6). Because differences

in the crab's motivational state produced highly variable

crushing forces, only the maximum crushing force for

each claw was included in our analyses.

Frequency of autotomy and regeneration

We compared the frequency of cheliped autotomy and

regeneration in two populations of Cancer productus from

Barkley Sound, British Columbia. Crabs were collected

by hand at low tide from Grappler Inlet (48° 50'N. 125°

07'W) and Dixon Island (48° 51'N, 125° 07'W) in June

1993. We measured crabs for carapace width and recorded

their sex (Dixon Island population only). Crabs were di-

vided into small (CW < 65 mm) and large (CW >

65 mm) size classes for analysis. This division roughly

corresponded with the onset of sexual maturity in C. pro-

ductus (Orensanz and Gallucci, 1988). Chelipeds were

classified either as ( 1 ) missing (stump, papilla, or limb

bud), (2) regenerating (functional but shorter than normal-

length limbs), or (3) normal (full length with no evidence

of regeneration).

All statistical analyses were performed using Statistical

Analysis Systems software (SAS In.stitute, 1985).

Results

Claw regeneration rate

Field and laboratory data indicate that Cancer prod-

uctus requires at least three instars to regenerate 100% of

the normal, contralateral cheliped length. In the field, the

percentage of cheliped length regenerated in large crabs

was bimodally distributed with peaks at 60% and 85%
the length of a normal cheliped (Fig. 1). Small crabs

appeared to regenerate slightly more (70% and 90%) of

their normal cheliped length than large crabs over succes-

sive molts (Fig. 1). Increases in cheliped length in labora-

tory-reared crabs mirrored regeneration patterns observed

in field populations. In the laboratory, the greatest percent

increase (± I SD) in limb length (66% ± 11%. /( = 8)

occurred in the first molt following autotomy, when the

regenerate expanded from a bud to a short, functional

limb. The mean percent increase in limb length over sub-

sequent molts was substantially less (8% ± 7%, n =

22). Seven of the individuals with regenerated chelipeds

increased less than 4% in cheliped length after the molt.

The percentage of cheliped length regenerated in the first

post-autotomy molt varied inversely with crab body size

(Fig. 2).

Claw performance and mechanical advantage

Recovery of measurable crushing force in regenerating

claws required at least two instars following autotomy.

In experiments designed to record claw crushing forces,

injured crabs (i.e., those with one normal and one regener-

ating cheliped) exerted measurable crushing force in all

trials significantly less often than did crabs with two nor-

mal claws (x' = 12.3. df = 2, P = 0.002; Table I). Among

injured crabs, individuals that had regenerated <75% of

a normal cheliped length squeezed the rings significantly

less often than crabs that had regenerated >75% of a

normal cheliped length (Table I). Normal and regenerat-

ing claws of injured crabs did not differ in their frequency

of successful crushing attempts (Fisher's exact tests. Ta-

ble I).

Because only two measurable crushing forces were

available for injured crabs with <75% of the cheliped

length regenerated, we report crushing forces only of
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Figure 1. The frequency distnhmion of percetu eheliped length

regenerated in small (carapace width [CW] <65 mm) and large (CW
a 65 mm) Ciincer prodiicliis mdividuals collected from Grappler Inlet

and Dixon Island. Percent cheliped length regenerated was calculated

from propodus length using the equation ( (regenerating propodus length/

normal propodus length] x 100). Normal propodus lengths were esti-

mated by regressing CW against propodus length for intact crabs with

two normal chelipeds.

claws that had regenerated more than 75% of the nonnal

claw length. Within these individuals (34 to 98 mm, CW
range), the mean crushing force (± 1 SD) of the regenerat-

ing claw (23.9 ± 1 1.3 N) was significantly less than that

of the opposing normal-size claw (31.0 ± 15.9 N) (Paired

f test, t = 2.84, n=l2.P = 0.016). The mean mechanical

advantage of the regenerating claw (0.378 ± 0.032) was

also less than that of the contralateral normal claw (0.425

± 0.048) (Paired t test, i = 2.97, n = 12, P = 0.013).

We compared crushing forces and mechanical advan-

tages of the different claw types {i.e., normal claws from

intact crabs, normal and regenerating claws from injured

crabs) after adjusting for propodus length (mean propodus

length = 27.1 mm; range, 10 to 42 mm) (Sokal and Rohlf,

1981). Crushing force correlated positively with the co-

variate, propodus length {F = 219.6, df = 1, P < 0,001),

and slopes of the regression of crushing force versus pro-

podus length were homogeneous among claw types (claw

type X propodus length interaction, F = 0.59, df = 2,

57. p = 0.56). Among individuals, least squares mean

crushing force was dependent on claw type (one-way

ANCOVA. F = 6.41, df = 2, P = 0.003) (Fig. 3A).

Normal claws of intact crabs were significantly stronger

than either regenerating (F = 7.1, df = 1, P = 0.010) or

normal (P = 11.1, df = 1, P = 0.0015) claws of injured

crabs (linear contrasts followed by sequential Bonferroni,

experimentwise alpha = 0.05; Rice, 1989) (Fig. 3A). For

injured crabs, size-adjusted crushing forces of normal

and regenerating claws did not differ {F = 0.14, df = 1,

P = 0.71).

Among experimental animals, mechanical advantage

did not correlate with the covariate, propodus length (F

= 1.5, df = 1, P = 0.23). Least squares mean mechan-

ical advantage differed among claw types (one-way

ANCOVA, F = 4.0, df = 2, P = 0.023), but did not follow

the same pattern as crushing force (Fig. 3B). Instead,

size-adjusted mean mechanical advantage (± 1 SE) was

highest for normal claws opposite regenerating claws

(0.42 ± 0.008) and lowest for regenerating claws (0.38

± 0.01) (linear contrast, F = 7.6, df = 1, P = 0.008; Fig.

100

Postmolt carapace width (mm)

Figure 2. Percent propodus length regenerated m hrst post-autot-

omy molt of crabs missing one cheliped as a function of carapace

width (CW. in mm). Smaller Cancer productus individuals regenerate

proportionally more than larger individuals CJ propodus length regener-

ated = -0.438 CW + 9.5.1. n = 1 . R' = 0.81, slope SE = 0.0947. P

= 0.006).
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Tabit I

Comparison of crushing success of inlacl cral^s witli normal cluws and injured crabs with one normal and one regenerating claw
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Figure 3. Comparison of (A) crushing force (in newtons) and (B)

mechanical advantage of regenerating and normal chelipeds of injured

crabs and normal chelipeds of intact crabs. Only regenerating chelipeds

with propodus lengths at least 15% of contralateral normal propodus

length were included. Crushing forces and mechanical advantages

(± 1 SE) were adjusted for the covariate, propodus length, using least

squares estimation (one-way ANCOVAs; mean propodus length =

27.1mm) (Sokal and Rohlf. 1981). Mechanical advantage = Li/L.;

where L, is the distance between the dactyl pivot point and the dactyl

attachment site with the closer apodeme and L, is the distance between

the dactyl pivot point and the dactyl tip. Different letters above bars

denote means that differ significantly (linear contrasts followed by se-

quential Bonferroni, experimentwise alpha = 0.05; Rice 1989). Sample

size («) is given for each claw type.

After the first post-autotomy molt, regenerating claws of

Cancer prodiictus individuals could not grip forcefully,

hence, they would be of little assistance while foraging.

Measurable crushing forces were detected in regenerating

claws only after the second post-autotomy molt (i.e.. when

>75% of the normal cheliped length had been regener-

ated) (Table I). Even then, regenerating claws exerted

significantly less crushing force than did contralateral in-

tact claws. Reduced performance in regenerating claws

is not surprising, because crushing force is correlated with

claw size (Vermeij. 1977; Elner. 1980; Lee and Seed.

1992; Lee. 1993), and regenerating claws are smaller than

their intact counterparts. Regenerating claws should also

be constrained to handle smaller prey because of the

smaller gape between the fixed and movable fingers. Elner

(1980) noted that Carcinus maemis males with propor-

tionately smaller chelae {i.e., presumably those with re-

generating claws) chose smaller mussel prey and had a

lower energy intake per day than did equivalent-size

males with norma! claws.

Our experiments revealed two less obvious but poten-

tially important effects of autotomy on foraging ability.

First, normal claws of injured crabs showed a moipholog-

ical response to loss of function by the regenerating claw

(Fig. 3B). Specifically, we observed a strong trend (P =

0.063) toward greater mechanical advantage in the normal

claws of injured rather than intact crabs. Second, both

normal and regenerating claws in injured crabs operated

below their size-specific crushing capacity (Fig. 3A).

These results are intriguing, because previous work has
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Figure 4. Mechanical advantage as a function of percent propodus

length regenerated. Mechanical advantage increases as the cheliped goes

through successive regenerative molts (f < 0.001. /?" = 0.19).
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Table II

Comparison of mean percent carapace width (CW) and wet weight (weight) increments after one molt among crabs with two normal chelipeds

and those initially missing or regenerating one cheliped or regeneiating nvo chelipeds
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normal and regenerating claws of injured crabs would

receive less exercise than the normal claws of an intact

crab, and consequently would remain weaker. We cannot

address this question, because systematic records were

not kept of the sizes of mussels eaten by injured versus

intact crabs. Second, unlike the crabs in a study conducted

by Smith and Palmer (1994). the crabs in the present

experiments were not given mussels whose size was near

the upper limit of the crabs' crushing ability; conse-

quently, both the range of exertion needed to forage and

the degree of morphological differentiation expressed in

the earlier study were greater than in ours. Finally, it is

possible that synthesis of new tissue in the regenerating

limb might impede extensive muscle development in the

contralateral limb. Although a substantial body of work

has examined muscle fiber transformation during claw

reversal in heterochelous species {e.g.. Mellon and Ste-

phens, 1980; Quigley and Mellon, 1986; Govind el ui.

1987). there is a dearth of information concerning the

influence of regeneration on muscle development in claws

of homochelous species such as Cancer.

Given the high frequency of claw loss in these (Table

III) and other populations of molluscivorous crabs (see

review by Juanes and Smith, 1995), a compensatory mor-

phological response by normal claws of injured crabs

would be advantageous. The response, however, probably

only partially offsets the functional loss of a cheliped. As

a consequence, crabs with a regenerating claw should be

expected to ( I ) require longer handling times to subdue

hard-shelled prey, (2) modify their tactics for gaining

entry to hard-shelled prey, or (3) modify their diet to

include smaller or less well defended prey items. Shell-

opening tactics in crustaceans are complex (Lau, 1987),

and it is possible that behavioral adjustments may com-

pensate for limited crushing power (Hughes and Seed,

1981; Cunningham and Hughes, 1984; Smith and Hines,

1991c/; Seed and Hughes, 1995). Direct comparisons of

foraging behavior, handling times, and prey choice be-

tween injured and intact crabs are needed to determine

the true costs of autotomy and regeneration to foraging

performance.

Morphological changes during regeneration

As chelipeds regenerate, they become more efficient

and forceful foraging tools, in part because of changes in

their leverage properties. Mechanical advantage increased

as the cheliped regenerated (Fig. 4), primarily because

L, (the distance between the dactyl pivot point and the

attachment site of the dactyl with the closer apodeme)

increased faster than L, (the distance between the dactyl

pivot point and the dactyl tip). L, approximates chela

height, and Lee (1993) has shown that chela height is

a good estimator of claw strength within species. The

allometric change observed in the lever arms was specific

to claw regeneration; no such change was observed during

the growth of normal claws of injured crabs. The change

in mechanical advantage during claw regeneration may

reflect a use-induced increase in the underlying muscle

as the claw becomes larger and more functional with each

molt, or other, as yet unknown, developmental phe-

nomena.

Regeneration time

The length of time required to regenerate a missing

limb to normal size can vary dramatically between life-

history stages and species of crabs (Juanes and Smith,

1995). Certainly, disadvantages arising from cheliped loss

will be lessened if regeneration of the missing append-

age(s) is rapid. Both field and laboratory data indicated

that Cancer productus individuals were able to replace a

full-length cheliped in about three molts. The number of

instars needed for complete regeneration in C. productus

thus falls within the range observed for other crab spe-

cies— for example, two instars for juvenile Callinectes

sapidus (Smith, 1990); four to seven instars for Para-

lithodes camtschatica (Edwards, 1972). C. productus un-

dergoes about 13 molts over 3 years with the ninth (pu-

berty) molt occurring 10 to 11 months after .settlement

(Orensanz and Gallucci, 1988). If this molting schedule

holds for regenerating crabs, then juvenile crabs could

recover claws in as little as 2 to 3 months. In contrast,

adults could require years. Given that some individuals

in our experiments showed almost no size increase ( <4%)

in their claws after the initial post-autotomy molt, it is

possible that some C. productus individuals never recover

a full-length claw.

It is interesting that in Cancer productus and in other

crab species (e.g.. Skinner and Graham, 1972), individu-

als regenerate more than half the length of a normal claw

in the first molt, but fail to complete the task in the next

molt. This phenomenon of rapid, but incomplete, replace-

ment of a missing appendage followed by slower subse-

quent growth is not confined to crustaceans. For example,

Fielman et al. ( 1 99 1 ) suggested that ophiuroids regenerate

lost disc and arm tissue until a "'minimal functional con-

hguration" is achieved, then regeneration rates slow. In-

deed, selection pressures may be great for replacing the

majority of the skeletal framework quickly so that injured

animals can ""make do." Beyond this, pressure for com-

plete recovery of function diminishes. Energetic resources

can then be shunted to other tasks such as growth or

reproduction. This scenario may also explain why the

proportion of cheliped length regenerated decreased with

increased body size in C productus (Figs. 1, 2). If larger

crabs are able to forage on a greater range of prey sizes

and are at less risk of predation than smaller individuals.
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selection for rapid replacement of a missing cheliped may

be less intense than for smaller crabs.

Energetic costs to regeneration

Energetic costs, in the form of smaller growth incre-

ments at the molt, were seen only in cases of multiple

autotomy (Table II). A similar, additive effect of limb

loss on growth increment has been observed in other crab

species (e.g.. Bennett, 1973; Kuris and Mager, 1975; Hop-

kins, 1982; Smith, 1990). We detected reduced growth

increments, though, in crabs that had already undergone

one post-autotomy molt. The energetic cost of replacing

both chelipeds thus persists well into the regenerative

process for Cancer productits. It should be noted that in

most studies examining the effect of limb regeneration

on growth, injured crabs were fed ad libitum. In field

situations, reduced foraging performance in injured crabs

could magnify energetic costs of limb replacement.

Injury frequency in the population

If cheliped loss is high in crab populations, and if forag-

ing ability is compromised for injured crabs under field

conditions, then predator-prey dynamics and community

structure may be profoundly affected. We observed high

frequencies of cheliped damage in Cancer productus pop-

ulations in Barkley Sound: up to 45% of the larger and

22% of the smaller crabs were missing or regenerating a

single claw (Table III). A substantial component of the

Cancer productus population, then, may have to switch

to smaller size classes or different types of prey. Injured

crabs, in turn, may become more vulnerable to their own

predators, if search or handling times increase. The fact

that we found few crabs missing or regenerating both

chelipeds (<4%) suggests that, at the lea.st, multiple autot-

omy places individuals at a selective disadvantage. Our

data suggest that the consequences of claw autotomy for

the individual crab are prolonged. The direct and indirect

effects of reduced foraging performance in injured crabs

on community dynamics remain to be explored.
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Abstract. Few studies exist in which the parameters of

a single behavior have been quantitatively compared for

male and female lobsters. Here, we have examined the

effects of sex and gravidity on the parameters of the es-

cape behavior of the American lobster, Homarus ameri-

canus, elicited by a visual threat.

Both non-gravid females and male lobsters readily tail-

flipped in response to the stimulus, but gravid females

failed, with one exception, to initiate a swim, even when

stimulus strength was increased.

Although the total distance swum by males and non-

gravid females was not statistically different, males cov-

ered more ground in the initial power swim and during

the subsequent swims than did non-gravid females. Males

swam for a longer time, performing more tailflips, than

females. Relative to their length and weight, males swam

a greater distance at each stroke during the initial power

swim and the subsequent swims, although, females might

have compensated by swimming at a higher frequency.

There were no significant differences in swimming veloc-

ity or acceleration, nor in the calculated force or work

performed by the two sex classes (male and non-gravid

females).

Therefore, apart from egg-bearing, which severely in-

hibits the escape response, it remains to be seen whether

the subtle physiological and anatomical sexual dimor-

phism that produces longer and more swim strokes in
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males but higher frequency tailflips in females results in

the same chances of survival for the sexes.

Introduction

There are very few quantitative studies comparing sex-

ual differences in agonistic and avoidance behavior

among lobsters (Scrivener, 1971; Stein, 1976; Atema et

al. 1979; Waddy and Aiken. 1991). Anecdotal evidence

and references in the literature suggest that gravid female

lobsters are much more aggressive than either males or

non-ovigerous females. Gravid females are described as

being asocial, secretive, and defensive; when approached,

they are reported to backup and raise their wide-open

claws (Atema and Voigt. 1995).

Sexual dimoiphism of mature individuals is well docu-

mented. Males develop larger claws, and females have

broader abdomens (Templeman, 1935; McLeese and Wil-

der, 1964; Lang et al., 1977; Waddy and Aiken, 1991).

Other physiological differences of yet-undetermined sig-

nificance also exist. Males have higher hemolymph con-

centrations of octopamine, serotonin, tryptophan, and an

unidentified compound known as compound S than do

females (Fadool et al.. 1989).

The sexual anatomical dimorphism has led to the idea

that there were sexual differences in aggressive behavior

and in the establishment of dominance. The suggestion

has been made that the larger claws of males were im-

portant in establishing dominance over other males or

females, because lobsters with larger claws usually win

in a fight (Scrivener, 1971). Alternatively, larger claws

among males could be used as a sexual signal (Atema

and Voigt, 1995), as is the case in crayfish where females

select males with larger claws (Stein, 1976). In the female,

on the other hand, sexual dimorphism has been associated

63
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with reproduction— the wider female abdomen increases

egg-carrying capacity (Templeman. 1935; McLeese and

Wilder, 1964; Waddy and Aiken. 1991).

As part of a larger study to determine whether and

to what extent male and female lobsters differ in their

nonsexual behaviors, we have quantitatively compared

the escape response in males, gravid females, and non-

gravid females. Lobsters of the three "sex classes'" were

presented with a threatening visual stimulus. We recorded

the escape behavior sequences and post-stimuli behaviors,

which included whether animals re-approached and at-

tacked the stimulus (after tailflipping) or whether they

avoided the stimulus and continued to back away from it

after the initial response. We now present evidence that

among these three classes of lobsters, in addition to differ-

ences in the propensity to flee between gravid and non-

gravid animals, there are significant differences in the

parameters of the escape response between males and

non-gravid females.

Materials and Methods

Animals

Adult American lobsters (carapace length 78-85 mm)

were obtained through the Rhode Island Department of

Environmental Management from a nearshore lobster ves-

sel fishing in Narragansett Bay. Rhode Island. Animals

were housed at the Narragansett Bay Campus of the Uni-

versity of Rhode Island, in separate but connecting tanks

in a free-flow seawater system, at ambient temperatures

ranging from 16° to 23°C and under an illumination cycle

of 14h light to lOh dark.

Animals were fed three times per week on a mixed

diet of squid, crab, and fish, but they were not fed for

48 h prior to an experiment. Four to six hours before

an experiment, the animals were moved to the Kingston

campus of the university, where they were placed in sepa-

rate holding tanks (30 cm'). and visually isolated from

one another. Each tank was supplied with its own air

supply, and water was obtained from the same source that

supplied the tanks at the Bay Campus. Individuals were

kept at the same temperature (20°C) as the animals held

at the Bay Campus. Three hours prior to an experiment,

lobsters whose claws and antennae were intact were

placed in the experimental tank and left undisturbed. One

hour before the experiment, the physical condition of each

animal was checked. Animals were used only once and

only if they moved around the tank or exhibited antennule

flicking.

Experiments

Experiments were conducted from April to October to

avoid possible seasonal differences in behavior. Seasonal

changes in the physiology and morphology of crayfish

nerve terminals have been documented (Lnenicka and

Zhao. 1991 ). The protocol for inducing escape responses

in lobsters is described in detail elsewhere (Cromarty et

cil.. 1991). In summary, experiments were run between

1200 and 1700 h in an aquarium filled with filtered recir-

culated seawater from Narragansett Bay. Salinity was

measured before each experiment and ranged between

297(f and MVk. Water was replaced or added as necessary

to maintain salinities within this range. The experimental

tank was kept between 18° and 20°C by a Frigid Units

AE-234 AG-602 chiller. The experimental setup consisted

of an open-ended tank (1.0 m L x 0.3 m W X 0.3 m H)

emersed into a larger main tank (2.2 m L x' 0.75 m W X

0.91 m H). The layout was designed so that a threatening

stimulus could he intri)duced at the open end of the experi-

mental tank. A weighted wooden partition with a pulley

acted as a blind (and a separation from the main tank) at

the open end (Fig. lA). To ensure that lobsters were

initially at the closed, non-stimulus end. a light was placed

at the open end. The partition was raised once the lobster

had reached the closed end. while the light was moved

to the closed, non-stimulus end. This served to "push" the

animal back towards the open (stimulus) end. A piece of

PVC tubing (0.15 m L X 0.10 m W) weighted with peb-

bles to a total weight of 1 .45 kg served as the threatening

visual stimulus. The stimulus was raised above the open

end of the tank as depicted in Figure I A. The stimulus

was released into the water at a preset distance of 10 cm

( measured from the open edge of the tank to the lobster)

whenever a lobster approached the open end. In a second

set of experiments, a larger stimulus of PVC tubing

(0.30 m L X 0.20 m W. weighing 2.45 kg) was used on

an additional set of gravid lobsters.

Cameras were placed in two positions (a Sony cam-

corder above the tank and a Panasonic WV-CD20 camera

to the side) and experiments were recorded (Panasonic

AG-6010 and Panasonic NV-8950) simultaneously from

the horizontal and vertical perspectives. Video recordings

of each lobster were analyzed frame-by-frame. For mea-

surements of distance traveled, a metric grid divided into

0.5-cm units was painted onto the side of the experimental

tank. Transparent overlays on the video monitor were

later used to record escape swimming distance of each

animal. Distance traveled along the length of the tank

was measured by using the position of the tip ot the

lobster's rostrum as a guide. The number of tailflips was

counted. Time was automatically recorded on the video-

tape. An independent observer inspected all recordings

and rejected runs in which the experimental parameters

were not strictly adhered to: e.g.. cases in which the stimu-

lus was released closer than 10 cm to the experimental

animal.
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Figure 1. (A) Diagram of the experimental tank (E). The stimulus

was a piece of PVC tubing weighted with pebbles (A); the partition (B)

was lifted while the lobster (F) was at the opposite end of the tank. A
light served as the mechanism to "push" the animal to the open end.

and the stimulus was released when the lobster was within 10 cm of

the edge of the open end. The escape reaction of each lobster was

photographed against a grid (G) with divisions of 0.5 cm. The recording

system consisted of two cameras, one vertical (C) and one horizontal

(H); monitor (I); and time-lapse VCR (J). (B) Schematic breakdown of

a single tailflip as it was seen in the video analysis {original drawings

done by K. Davignon, Graphics specialist, URI).

After each experiment, the animal" s molt stage was

determined by examining cuticular changes and setal de-

velopment in the pleopods (Aiken, 1973, 1980). Only

stage C (intermolt) animals were used, since the probabil-

ity of escape depends on the molt stage of the lobster

(Cromarty et al.. 1991; Cromarty et al.. 1995). Measure-

ments of carapace length, cutter length, lobster weight

and volume, temperature, and salinity were recorded at

the end of each experimental trial. Gravid lobsters were

difficult to obtain; thus, to ensure that equal numbers of

animals were tested in each sex class (males, non-gravid

females, gravid females), only 10 lobsters in each class

(total II = 30) were chosen for stimulus trials. Only one

gravid lobster escaped in the first set of experiments, so

an additional 10 gravid females were used in a second

set of experiments with a larger stimulus. Abdominal

width was not measured in the original experiments, but

this measurement was later made on an additional 16

animals of each sex whose weights were equivalent to

those of the original specimens.

Analysis of the escape response follows the methods

used in our earlier analysis of escape behavior in juveniles

(Cromarty et al.. 1991). The response was broken into

two elements— the initial tailflip, henceforth designated

as the "power swim," and the many subsequent tailflips,

designated as "subsequent swims." The number of sub-

sequent swims in this study ranged from one to three. A
tailflip, or swim, is defined as beginning immediately after

the start of abdoininal flexion and ending at abdominal

extension (Fig. IB). The following characteristics of the

escape response were analyzed for each lobster: distance

traveled (centimeters), number of tailflips, duration of the

response (seconds), frequency of tailflips (tailflips/sec-

ond), velocity (meters/second), acceleration (meters per

second squared), force (mass X acceleration), work (force

X distance), distance traveled per unit of weight per tail-

flip (meters/kilogram/number of tailflips), distance trav-

eled per unit of weight (meters/kilogram), and distance

per lobster body length (dimensionless). The latter two

parameters were calculated to determine whether variabil-

ity in the weight and size of individual lobsters altered

the relative significance of a parameter, even though the

mean values were not significantly different among all

three classes of experimental animals.

In evaluating acceleration, the added-mass forces

(Batchelor, 1967) that act on accelerating bodies in fluids

were ignored since these are a multiple of mass and would

act equally on all animals of the same weight. Another

variable which we did not include in our calculations was

body rotation. Body rotation during swimming was slight

in our experiments and not measurable by our methods.

Animals whose gross swimming pattern deviated from a

rectilinear motion were not included in the analysis. (The

analysis of the escape response is meant to reflect relative

changes in lobster escape behavior and not kinematic rela-

tionships such as those investigated by other researchers

[Batchelor, 1967; Daniel and Meyhofer, 1989; Nauen and

Shadwick 1992].)

Each of the escape parameters was analyzed for ( 1 ) the

entire escape response, (2) the initial power swim, (3) the

subsequent swims over the entire subsequent swimming

distance, and (4) the subsequent swims in each half of

that distance, since earlier experiments showed that there

were differences in the distance traveled by lobsters. We
therefore divided the distance traveled in the subsequent
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swims by half and analyzed each half (Cromarty et al..

1991). Because the distance was divided equally in half

for each escape sequence for each animal, no data were

available to compare distance traveled between the two

halves of the subsequent swims for male and non-gravid

lobsters.

Statistical analysis

Differences in weight, carapace length, and cutter

length among the three sex classes were determined by

parametric analysis of variance (ANOVA). In the addi-

tional set of measured lobsters (16 of each sex), abdomi-

nal width, carapace length, and weight were analyzed

with parametric ANOVA. The Fisher exact probability

test (FEP) was used to determine differences in the proba-

bilities of escape between the three sex classes.

A separate Kruskal-Wallis test (KW) was run for each

escape parameter (except the subsequent swims). The first

and second halves of the subsequent swims were com-

pared with an ANOVA and a one-way repeated measures

follow-up test (Keppel, 1982). ANOVAs were run on

SPSS software (SPSS Inc., Chicago). Values were consid-

ered significant at P < 0.05 for all the statistical tests.

Results

Weight (in grams), carapace length (in millimeters),

cutter length (in millimeters)

There were no significant differences in the weights

(mean ± SEM for all) of gravid (464 ± 17.3), non-gravid

(452 ± 9.3), and male (464 ± 30.1) lobsters (ANOVA.

F(2, 27) = 0.15, P = 0.86). No significant differences

were found in the carapace lengths of gravid (79 ± 0.6).

non-gravid (80 ± I), and male (82 ± 2) lobsters (AN-

OVA, F(2, 27) = 0.80, P = 0.45), and similarly there

were no significant differences in the cutter lengths of

gravid (109 ± 3). non-gravid (110 ± 1), and male (113

± 3) lobsters (ANOVA, F(2. 27) = 0.92. P = 0.41).

0.19. Furthermore, there were no differences in carapace

length (mean ± SEM. in millimeters)—male or female

—

between the two groups. Females: measured (79.6 ± 0.5;

;; = 16) versus experimental (79.7 ± 0.6; n = 20); AN-

OVA. F( 1. 34) = 0.003, P = 0.95. Male: measured (77.9

± 1.3; n = 16) versus experimental (82.0 ± 2.0; /; = 10);

ANOVA, F(l, 24) = 2.72. P = O.W. Therefore, abdomi-

nal widths from this data set were analyzed and are as-

sumed to reflect the abdominal widths of the animals that

were used in the experiments on escape behavior.

In this data set, significant differences in abdominal

width were found between male (42.93 ± 0.52) and fe-

male (53.38 ± 0.97) lobsters (ANOVA. F(l. 30) = 89.33.

P = 0.0001 ), suggesting that a similar sexual dimorphism

also existed in the experimental escape animals.

Escape behavior in response to a threatening stimulus

The probability of responding to a threat with an escape

response was unequal among the three sex classes (Table

1 ). Gravid female lobsters were significantly less likely

to escape than either males (Fisher exact probability test,

FEP, P < 0.0004) or non-gravid females (FEP. P <
0.0001) when presented with a stimulus (0.30 m L X

0.15 m W) weighing 1.45 kg. No gravid lobsters escaped

when presented with this stimulus. Eight often males and

five often non-gravid females tailflipped when presented

with this stimulus. The difference was not significantly

different (FEP. F = 0.17).

When 10 gravid females were presented with a larger

and heavier stimulus (0.30 m L x 0.15 m W). weighing

2.45 kg, only one gravid animal tailflipped. This female

traveled approximately 80 cm, tailflipping six times with

a large loss of eggs. The larger stimulus was not presented

to males or non-gravid females since the smaller stimulus

was sufficient to initiate their escape behavior.

Abdominal width (in nulVuuvters)

In the set of data collected to determine if there were

differences in abdominal width between the sexes, we

first needed to demonstrate that these lobsters were similar

in weight and size (carapace length) to those used in the

escape behavior experiments.

No differences were found between the weights (mean

± SEM, in grams) of the measured females (461 ± 9.4;

n = 16) and the experimental females (460 ± 9.5; /;
=

20); ANOVA. F(l, 34) = 0.1 1. F = 0.92. Similarly, no

differences were found in the weights of the measured

males (421 ± 18.9; n = 16) and the experimental males

(464 ± 30.1; n = 10); ANOVA, F(l, 24) = 1.81, P =

Table 1

Escape and post-threat behavior of each sex class after the small

escape stiimdus was presented (ten lobsters in each class were tested)
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Post-stimulus behavior

After the stimulus was presented, lobsters would either

(1) tailflip away from the stimulus, (2) tailflip first and

then continue backing slowly away, (3) tailflip first and

then approach, (4) tailflip, and then approach and attack.

"Approach" is distinguished from "approach and at-

tack" by the absence of any physical contact on the part

of the lobster and might just as well be due to curiosity

as to agonistic causes, unlike "approach and attack,"

which clearly suggests agonistic responses. For example,

four lobsters in each of the three sex classes (that had

originally tailflipped). immediately returned, approached

and attacked the stimulus (Table I).

Post-threat behaviors were evaluated by Fisher exact

probability tests (2x2 contingency tables). No significant

differences were found in post-threat behavior among the

three sex classes. All probability values were greater than

P = 0.15. regardless of whether the comparisons were

between gravid and non-gravid females, gravid females

and males, or non-gravid female and males.

Escape parameters for male and non-graviil adult

lobsters

Only non-gravid females and males were compared

because only one gravid female could be induced to tail-

flip.

Total escape response (initial power swim plus subse-

quent swims). Total distance traveled during an escape.

number of tailflips. swimming velocity, acceleration,

force, work, distance traveled per kilogram of weight.
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and distance traveled per lobster body length were not

significantly different (KW. P > 0.05; see Fig. 2A and

2D for examples). The total time spent escaping was.

however, significantly greater for male kibsters (KW. P
= 0.02, Fig. 2B). Distance traveled per kilogram of weight

per tailflip was not significantly different (KW. P = 0.40).

Although the difference was not significant at the 0.05

level, non-gravid females may perform more tailflips per

second than male lobsters (KW. P = 0.06, Fig. 2C).

Initial power swim. Distance traveled was signifi-

cantly higher for males than for non-gravid females (KW.

p = 0.04; Fig. 3A). Although males tended to have longer

power swim durations, the difference was not signifi-

cantly different at the P = 0.05 level (KW. P = 0.08.

Fig. 3B). Distance swum per body length and distance

swum per kilogram of weight were also both significantly

greater for males (KWs, P = 0.03 and 0.05 respectively).

Although the mean values for power swim velocity, accel-

eration, force, and work all were higher for male lobsters,

the differences were not significant, because of the large

variance within each class.

Tolal subsequent swims. The time spent in subse-

quent swims and the number of tailflips were significantly

higher for male lobsters than for non-gravid females

(KWs. P = 0.04 and 0.03. Fig. 3C and D respectively).

Distance swum per body length and distance swum per

kilogram of weight for the subsequent swims were also

statistically higher for males (KWs. P = 0.01 and 0.02

respectively). No other parameters were found to be statis-

tically different for the total subsequent swims.

Comparison of SSI and SS2 between and within se.x

classes. In the first half of the subsequent swims (SS 1 ).
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male lobsters spent more time escaping (duration) and

produced more tailflips (KWs; P = 0.05 and 0.03, Fig.

4A and C respectively). Similar differences were found

in the second half of the subsequent swims (SS2), with

males again spending more time escaping and taking more

tailflips (KWs. P = 0.04 and 0.04, Fig. 4B and D respec-

tively). When SSI and SS2 were compared to each other,

for each sex, no significant differences were observed.

There was no reduction in any of the parameters between

the first and second halves of the subsequent swims for

either males or females. No other parameters, either of

total subsequent swims or within SSI or SS2, were statis-

tically different.

Discussion

Among crustaceans, there are four major morphologi-

cal and physiological determinants that affect agonistic

and escape behavior: age, size, molt-stage, and sex. Thus,

large adults are more likely to win in aggressive encoun-

ters (Scrivener, 1971 ) and are dominant over smaller juve-

niles (Atema and Cobb, 1980); and soft-shelled premolt

animals win over soft-shelled postmolt animals (Tamm
and Cobb. 1978). In avoidance or escape behavior, small

juveniles swim faster and farther than large adults, which

tend not to respond to a threat with escape swimming
(Cromarty et ai, 1995). In addition, soft-shelled juveniles

swim faster and farther than hard-shelled juveniles (Cro-

marty et al.. 1991), but hard-shelled adults swim farther

than soft-shelled ones (Cromarty et ai, 1995).

In this study we have shown that males and non-gravid

females are equally likely to initiate escape swimming
when threatened. The probability of eliciting escape be-

havior in gravid females is, however, significantly lower.

These animals, like large adult males (>600 g), are essen-

tially inhibited from swimming, even when presented
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with larger stimuli (see Cromarty et al. 1997). The physi-

ological bases for these inhibitions are not yet known

and may or may not be due to the same physiological

mechanisms; these could involve inhibition of (a) sensory

input to the central nervous system (Watson. 1992, for a

review) or (b) neurons within the central nervous system

(Beall et al.. 1990). or at peripheral synapses (Schwanke

et al.. 1990: Cromarty et al.. 1995; Cromarty and Kass-

Simon. 1996), or in both locations.

Although the same physiology may ultimately be in-

volved in both cases, the adaptive significance in each

instance appears to be different. In the case of the adult

male lobsters, the large size of the claws could make

escape swimming more difficult (Lang et al.. 1977). but

would increase the odds of a favorable outcome in con-

frontations with a predator or conspecific opponent. In

the case of the ovigerous females, escape swimming

would have a deleterious effect. The single gravid female

that responded to a threat with swimming lost many eggs.

underscoring the idea that in this case, swimming inhibi-

tion evolved to ensure reproductive success.

Differences in the characteristics of escape behavior

between non-gravid females and males are more subtle.

Although the total distance that each group swam did not

prove to be different, males covered more ground than

did non-gravid females, both in the single initial power

swim and in the sum of the subsequent swims. This sug-

gests that, like the molt-related differential effects on the

power swim and subsequent swims found in juvenile lob-

sters (Cromarty et al.. 1991), sex-related differential ef-

fects on the neuronal pathway appear to be mediating the

two components of the escape swimming. It thus appears

that, as in crayfish (Wine and Krasne, 1972), in lobster,

escape behavior is most likely mediated by both giant

(initial power swim) and non-giant fibers (subsequent

swims).

Male lobsters appeared to outperform females in sev-

eral other parameters. On average, they swam for a sig-

nificantly longer time by performing more tailflips than

non-gravid females. They also covered a greater distance

relative to their body length and weight than females, in

both the initial power swim and in the sum of the subse-

quent swims. Females, on the other hand, may have com-

pensated by swimming at a higher frequency than males.

Since the weight averages for all groups were not statisti-

cally different, these performance differences may reflect

differences in body architecture, muscle properties (com-

position or physiology), titers of circulating neurohumors,

or a combination of these factors. The broader females

(see results) would experience more drag, so that the

distance covered for each body length would be reduced;

males, on the other hand, might have greater abdominal

strength and thus be more efficient swimmers. Moreover,

since males have higher circulating concentrations of pu-

tative excitatory neurohormones (Fadool et al.. 1989),

their actions might enhance central or peripheral synapses

(Kravitz. 1988. for review; Schwanke et al.. 1990). In

this regard, although our experiments were run on isolated

individuals, it should be noted that in crayfish (Yeh et

al.. 1996). the lateral giant neuron, which is responsible

for escape responses elicited by tactile or mechanical de-

flection of the telson, is affected by the animal's social

experience, with dominant animals having an enhanced

response to stimuli.

However, although there may be subtle sex-related dif-

ferences in the characteristics of escape swimming, sig-

nificant differences between the two sexes were absent not

only in the total distance swum, but also in the velocity or

acceleration of the swim, and in the calculated force or

work performed. Our relatively small sample size may

preclude a definitive conclusion about sexual differences

in escape behavior. A larger sample size, or an analysis

of additional escape parameters, might reveal differences

between the sexes, given that there are inherent sexual

abdominal dimorphisms.

It remains to be seen, therefore, whether the anatomical

and physiological sexual differences that result in more

and longer tailflips in males, but perhaps a higher fre-

quency of swimming in females, have any effect on the

relative chances of the sexes for survival.
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Abstract. A dorsal abdominal artery in Homarus ameri-

canus runs the length of the abdomen, giving rise to one

pair of large lateral arteries in each segment. These lateral

arteries supply hemolymph to the abdominal muscles and

the swimmerets. In addition, many small vessels leave

the dorsal abdominal artery ventrolaterally to supply the

gut and gonads. Bicuspid muscular valves are located at

the junction of each segmental lateral artery with the dor-

sal abdominal artery, but not at the origin of the gut

vessels. Nerves originating from the ventral abdominal

ganglia travel along the lateral arteries to innervate the

valves, providing both inhibitory and excitatoi7 inputs.

Inhibitory input produces hypei-polarizing inhibitory junc-

tional potentials that relax the valve muscles, and in intact

in situ perfused arteries causes increases in outflow from

the affected lateral artery. Excitatory input produces depo-

larizing excitatory junctional potentials that close the

valves and reduce perfusate outflow. The valve nerves

also branch to innervate valves up to two segments ante-

rior and one segment posterior. Application of exogenous

•y-aminobutyric acid hyperpolarizes valve muscle fibers.

This and the hyperpolarizing effect of valve nerve stimu-

lation are reversibly abolished by the application of picro-

toxin (10 'M). Acetylcholine (10 "M). but not gluta-

mate. causes depolarization and contraction of valves.

The role of the valves in controlling the distribution of

hemolymph flow is discussed.
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Abbreviations: Ach, acetylcholine; DAA, dorsal abdominal anery;

EJP. excitatory junction potential; GABA. y-aminobutyric acid; 5-HT.

5-hydroxytryptamine; UP. inhibitory junction potential; LAA. segmental

lateral abdominal artery; LAAV, lateral abdominal arterial valve.

Introduction

In decapod crustaceans, seven arteries deliver hemo-

lymph from the heart to the systemic circulation. These

arteries branch into progressively finer vessels in the tis-

sues until they open into small capillary-sized vessels that

are bounded by a thin intima (Martin and Hose, 1995).

The smallest vessels are the functional equivalent of ver-

tebrate capillaries, and it is here that exchange of metabo-

lites, gases and ions occurs between the hemolymph and

the tissues.

The crustacean circulation is an open system, lacking

a tubular venous return to the heart. Instead, "venous"

hemolymph collects into progressively larger sinuses and

is returned to the heart via the gills. Despite very early

observations on the anatomy and innervation of various

flow-rectifying structures, such as cardioarterial (CA) and

segmental lateral arterial valves of the dorsal abdominal

artery (Alexandrowicz, 1932a), the control of hemolymph

circulation in crustaceans has been poorly understood un-

til recently. Inhibitory innervation of the sternal CA valve

in Homarus americanus causes valve relaxation and in-

creased outflow in this artery (Kuramoto et ai, 1992,

1995). The 1 1 CA valves in the isopod Bathynomus doed-

erleini receive varying patterns of innervation (Kihara et

ai, 1985). and the activity of the inhibitory nerve to the

CA valve of the artery supplying hemolymph to the swim-

merets is coordinated with the activity of the swimmerets

themselves (Fujiwara-Tsukamoto et ai, 1992).

Changes in regional blood flow have been measured

in intact Cancer magister using ultrasonic techniques

(Airriess and McMahon. 1994. 1996; McGaw et ai,

1994). During hypoxia, hemolymph is diverted away from

the viscera and brain and toward the locomotory and ven-

tilatory appendages. Injection of dopamine into intact nor-
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moxic C. magister produces a similar response, sug-

gesting hormonal control of hemolymph distribution.

However, the sites of regulation of hemolymph flow dis-

tribution were not identified in these animals. In H. ameri-

caiuis. a number of neurotransmitters and hormones, with

peptides being the most effective, have been shown to

alter the peripheral resistances of /;; situ perfused arterial

trees (Wilkens, 1997). Two possible mechanisms for reg-

ulation of regional blood flow in decapods exist: ( 1 ) the

centrally located muscular CA valves may differentially

regulate blood flow in arteries leaving the heart, as seen

in B. doederleini and Panulinis japoniciis (Kuramoto and

Ebara, 1984, 1989), and (2) the relative resistances of

arterial pathways may be altered by peripheral mecha-

nisms.

How can the peripheral resistance of arteries be con-

trolled? Unlike the blood vessels of vertebrates, the walls

of all crustacean arteries, except the dorsal abdominal

artery (DAA), lack muscle layers. A layer of striated mus-

cle fibers has been found in the DAA of a number of

macruran species including H. amehcamis (Burnett.

1984; Martin et ai. 1989; Wilkens et ciL, 1997a). Since

hormones and nervous inputs cannot act directly on ves-

sels that lack muscular walls, other mechanisms for con-

trolling arterial resistance and regional hemolymph flow

must exist. Muscular arterial valves have been identified

at the junction of each lateral abdominal artery (LAA)

with the DAA in Panulinis intcrniptiis (Alexandrowicz,

1932a). In decapod crustaceans, the DAA supplies blood

to the abdominal positioning muscles and swimmeret

muscles via the LAAs, and to the gut through many small

arterioles that arise from the ventral wall of the DAA.
The lateral abdominal arterial valves (LAAV) may be the

sites where the distribution of hemolymph is differentially

regulated between the locomotory and vegetative organs.

This paper investigates the role of the LAAVs in control-

ling hemolymph flow in this part of the circulation in H.

americanus.

Materials and Methods

Lobsters (approximately 500 g) were purchased from

a commercial supplier and maintained in a recirculating

seawater system at 12°C prior to experimentation. Ani-

mals were fed frozen smelt twice weekly. Data presented

here are based on observations taken from 12 animals.

In preparation for surgery, lobsters were restrained with

elastic bands and cold-anesthetized by burial in crushed

ice in an acrylic plastic box (50 X 20 X 20 cm) for 20

to 30 min. While a lobster was still buried in ice, its

hemolymph was replaced by saline (Cole, 1941, pH =

7.6). To exsanguinate an animal, the heart was exposed

by removing the overlying dorsal carapace and dermis.

Ice-chilled saline was pumped through a polyethylene

cannula, tipped with a 21 -gauge needle, directly into the

ventricle via an ostium. The heart continued to pump
slowly, and hemolymph returning to the pericardium was

allowed to escape into the container. Perfusion was con-

tinued until all traces of hemolymph were removed. Fol-

lowing exsanguination, the ice was replaced with artificial

seawater at 12°C. The dorsal cuticle was removed from

each abdominal segment and the DAA and proximal sec-

tions of each LAA were exposed by dissecting away the

dermis and superficial abdominal positioning muscles.

In situ preparations

The DAA was cannulated /;; situ at a point close to the

bulbus arteriosis with polyethylene tubing (PE 160), and

the cannula was secured with surgical silk. A peristaltic

pump was used to perfuse the artery with saline at a flow

rate of 1.5-2.5 ml min '. To measure pressure in the

DAA, a small transverse incision was made in the dorsal

wall of the artery, posterior to the branching point of the

third pair of LAAs. A saline-filled polyethylene cannula

(PE 160), previously heated and drawn to about one-third

of the arterial diameter, was inserted through the slit and

secured with surgical silk. This cannula was connected

to a Hewlett-Packard pressure transducer (267BC) and

amplifier (31 1 A). All of the LAAs except one were tied

off with surgical silk. A small incision was made in the

dorsal wall of the LAA remaining patent. A short length

of polyethylene cannula drawn to a taper and connected

to an ultrasonic flow transducer (Transonics, 1 mm i.d.)

was inserted into the LAA through the incision and se-

cured with surgical silk. The flow probe was then con-

nected to a Transonics (T106) flow meter.

The effects of stimulating the nerves to the valve of

the patent LAA and of various test compounds on LAA
flow and DAA luminal pressure were measured. The

LAAV nerves were stimulated as described below. To

apply drugs, the perfusate (2.0 ml min ') was switched

from saline to one containing the desired compound. After

application of a drug, the preparation was perfused with

regular saline until all variables had recovered to pretreat-

ment levels. The drugs tested were acetylcholine (ACh),

y-aminobutyric acid (GABA), 5-hydroxytryptamine (5-

HT) and picrotoxin (Sigma).

In vitro preparations

Following exsanguination, the DAA was separated

from the underlying gut and gonads by cutting the fine

arterioles that arise from its ventrolateral surface to supply

these organs. Each lateral artery was cut 0.5-1.0 cm from

its junction with the DAA. The DAA with attached proxi-

mal sections of the LAAs was placed in an acrylic tissue

bath (volume 15 ml) lined with Sylgard and filled with

aerated saline at 12°-15°C. The vessel was cannulated
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anteriorly using a polyetiiylene cannula as described

above and flushed by pumping saline at a fltiw rate of 4-

5 ml min '. Next, the artery was secured by micropins

placed in the severed ends of the LAAs. the cannula was

removed, and the DAA was opened longitudinally by

cutting along the dorsal midline. The DAA was pinned

open with the luminal surface uppermost, exposing the

valves (see Fig. I ).

The LAAV nerves were stimulated using a glass suc-

tion electrode (tip diameter 50 fjm) and a Grass S48 stim-

ulator. Trains of impulses ( 1-ms duration) were applied to

the nerve at varying frequencies (1-80 Hz). Fluctuations

produced in the membrane potential of individual valve

muscle fibers by nerve stimulation were recorded intracel-

lularly. Glass microelectrodes (tip resistance 15-23 M12)

were pulled from thin-walled borosilicate glass tubing.

These were filled with 3 M KCI and connected to a WPI

M4-A electrometer. Signals from the electrometer were

displayed on a Tektronix 5103N oscilloscope and re-

corded on a Vetter 420L four-channel video recording

system. Hard copy was printed with a Gould 2400 chart

recorder. Between recordings, the vessel was superfused

at a flow rate of 2.5 ml min ' with chilled saline to main-

tain the bath temperature between 12° and I5°C.

The effects of various drugs on the membrane potential

of valve muscle were tested by direct application to the

bath over an exposed valve. Prior to testing, all solutions

(drug in saline) were maintained at the same temperature

as the bath. In randtxii order. 0.5 ml of each solution was

applied with a pasteur pipette. The bath was perfused

with fresh, aerated saline after each drug.

Morphology

The orientation of LAAV muscle bundles and the in-

nervation of the valves were examined using a Wild M-

5 stereomicroscope. Nerve tissue was stained for 24-48 h

at 4°C with methylene blue ( 10 drops of 0. 1% stock added

to 100 ml of saline). Fading of the stain upon exposure

to light was prevented by placing tissue samples in 4%
ammonium molybdate in saline at 4°C for 1 h prior to

examination.

Results

Morphology

The DAA originates from the posterior wall of the

bulbus arteriosus of the heart and passes along the dorsal

midline of the abdomen. The diameter of the vessel de-

creases posteriorly. Within each of the tirst five anterior

DAA

LAA

Gut

LAAV

N B

Figure 1. (A) Dorsal view of the dorsal abdominal vasculature in Homani.s umericanus. Ttie dorsal

abdominal aorta (DAA) lies along the dorsal surface of the hindgut (Gut). Within each of the first five

abdominal segments, a pair of lateral abdominal arteries (LAA) branch off the DAA at roughly right angles.

The bifurcating pair of arteries at the posterior margin of the fifth segment are homologous to the more

anterior LAAs. (B) The innervation patterns of the LAA valves. The valve nerves (N) approach each valve

in connective tissue along the anterior edge of each LAA. (C) A dorsal view of the junction of one pair

of segmental lateral abdominal arteries with the dorsal abdominal aorta. The dorsal wall of the DAA has

been cut longitudinally and the flaps have been pinned back to reveal the lateral abdominal artery valves

(Valve). A and B indicate the sites of nerve stimulation proximal and distal to the point where the incoming

nerve bifurcates.

Valve
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abdominal somites, a pair of LAAs branch at roughly

right angles from the DAA (Fig. 1 A). Each LAA extends

laterally for a short distance, then descends and arborizes

to supply hemolymph to the abdominal muscles and the

swimmerets (Wilkens et ai. 1997b). Branches of the

LAAs also supply the gonads. At the posterior margin of

the 5th abdominal segment the DAA bifurcates at an acute

angle into two smaller arteries that supply the uropods

and telson. These two arteries are the modified LAAs of

the 6th abdominal segment. A bicuspid muscular valve

is situated at the junction of each LAA with the DAA,

and also at the junctions of the two posterior arteries with

the DAA. The valve muscle fibers lie in an anteroposterior

direction, and the valve aperture appears as a horizontal

slit. A rich array of very small vessels arises from the

ventrolateral wall of the DAA to supply hemolymph to

the gut and posterior portions of the gonads. No valves

exist at the origins of these gut vessels (Wilkens, 1997).

Segmental nerves, embedded in connective tissue, ap-

proach each LAAV along the anterior edge of each LAA.

The valve nerves originate from the second root of each

abdominal ganglion in the next anterior segment. Methyl-

ene blue staining revealed multiple axons in these nerves

(Fig. IB). As the nerve approaches a valve, it bifurcates.

One branch continues to follow the anterior edge of the

LAA until it reaches a dense cluster of axons at the ante-

rior edge of the valve. The second branch passes posteri-

orly over the dorsal surface of the LAA to a cluster of

axons at the posterior edge of the valve. The distance of

the point of bifurcation from the valve was quite variable.

In some instances the bifurcation was several millimeters

away from the valve, whereas in others it occurred at the

junction of the LAA and DAA. Proximal to the bifurca-

tion, both branches appeared to contain three axons (Fig.

IC). Two of the three axons arise from the distal LAAV
nerve proper. The third axon, not originating in the LAAV
nerve, spans the bifurcation of the other two axons, pass-

ing over the dorsal surface of the LAA. The origin and

target of this third axon could not be discerned, but it

appeared to link the clusters of axons at the anterior and

posterior edges of a particular LAAV. The nerves termi-

nate at synapses on the two muscular flaps of each valve

anteriorly, posteriorly, and medially. Contralateral valves

within each segment were connected by many small axons

traversing the ventral luminal wall of the DAA in a ""fig-

ure eight" fashion (Fig. IC). The pattern of innervation

described for each abdominal segment was bilaterally

symmetrical. Ipsilateral valves in adjacent segments were

connected by two to four axons running longitudinally

along the external ventrolateral wall of the DAA (Fig.

IB). In the first abdominal segment, the LAA nerves sup-

ply the LAAVs of this segment and also pass forward

along the DAA to terminate on the sternal cardioarterial

valve (SCA).

1 2 5 10 20

1 mm

B

S

Figure 2. The effect of proximal excitatory (A) and distal inhibitory

(B) valve nerve stimulation on LAA flow and DAA pressure in an in

situ saline-perfused preparation of the dorsal abdominal vasculature in

Hiimunis wnericaiius. The stimulating locations are as shown in Figure

IC. Stimulating frequencies are indicated along each set of records.

The innervation of the two valves located at the poste-

rior bifurcation of the DAA was difficult to visualize, but

in one preparation both valves were innervated by a single

nerve approaching along the dorsolateral surface of one

of the posterior vessels (Fig. IB), a position homologous

to the route of the nerve in the more anterior LAAs.

In situ preparations

The valve flaps were clearly visible through the trans-

parent wall of the LAA. Spontaneous rhythmic contrac-

tions of LAAVs were frequently observed in saline-per-

fused arteries. With each contraction, the LAA flow de-

creased and the luminal pressure in the DAA increased

(not illustrated). Conversely, valve relaxation was accom-

panied by increased LAA flow and a drop in DAA luminal

pressure. These pressure fluctuations caused substantial

changes in the diameter of the DAA.

Stimulation of the LAAV nerve at a site distal to the

bifurcation (site B in Fig. IC) always resulted in a relax-

ation of the valve, an increase in flow through that LAA,

and a concomitant decrease in DAA lumen pressure (Fig.

2A, typical of 20 observations on six arteries). Stimulation

proximal to the bifurcation of the nerve (site A in Fig.

IC) resulted in contraction of the valve, a decrease in

LAA flow, and an increase in DAA lumen pressure (Fig.

2B, three arteries). The biphasic change in membrane

potential observed during stimulation at A (see Fig. 4C)

was not reflected in the LAA flow and DAA pressure

responses to stimulation at this site. The maximal change

in LAA flow to proximal stimulation occuned at the stim-

ulation frequency of 20 Hz.
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Figure 3 demonstrates the effects of the neurotransmit-

ter ACh on flow through the LAA in situ (n = 2). ACh
caused valve closure and a decrease in flow through the

LAA.

In vitro preparations

The mean resting membrane potential of LAAV muscle

fibers was -40 ± L7 mV (n = 12 fibers from five ani-

mals). The effect of LAAV nerve stimulation on the mem-

brane potential of valve muscle fibers is shown in Figure

4. Lateral abdominal arterial valve nerves were stimulated

at the two sites marked in Figure IC; one proximal (site

A) and the other distal (site B) to the nerve bifurcation.

Stimulation at A did not produce unitary excitatory junc-

tion potentials (EJPs), but did produce frequency-depen-

dent summing depolarizations. The rates of onset and

recovery of excitatory responses, and their amplitudes,

were lower than for inhibitory input. EJPs produced only

graded depolarizations; all-or-none action potentials were

never observed. EJPs were recorded only in very fresh

preparations, with the excitatory response being lost after

a short time //( vitro.

Without exception, stimulation at point B distal to the

bifurcation of the LAAV nerve produced inhibitory junc-

tion potentials (IJPs) in the muscle fibers of the ipsilateral

valve (Fig. 4B, ;; = 8). the contralateral valve in the same

segment (/; = 3). and both the ipsilateral and contralateral

valves in the next anterior segment (/; = 6). IJPs produced

at these different sites were usually of similar magnitude.

In two preparations. IJPs were also recorded from the

contralateral valve two segments anterior. The magnitude

of the IJPs in this valve was smaller than in the other

four sites (not shown). In one other preparation, IJPs were

recorded in the ipsilateral valve one segment posterior.

Stimulation of the LAAV nerve at point B in the first

abdominal segment produced IJPs in the sternal cardioar-

terial valve in addition to the ipsilateral and contralateral

LAAVs in that segment (not illustrated). In all cases the

magnitude of the hyperpolarization at a given site in-

O
c
E

2 min

Figure 3. The effect of ACh (10""" M ) on the flow through a lateral

abdominal artery. In this case, 5 ml of test substance was perfused into

the abdominal arter)- at 2 ml min '. followed by saline.

creased with increasing stimulation frequency up to 40-

80 Hz, indicating summation of IJPs.

In one preparation, stimulation at point A produced a

biphasic response in the muscle fibers of the ipsilateral

valve (Fig. 4C); in five others, stimulation at point B
produced biphasic responses. In the illustrated record, low

stimulation frequencies (<5 Hz) produced IJPs only. As

stimulation frequency increased, the response became bi-

phasic, with progressively shorter periods of hyperpolar-

ization followed by depolarization. In most preparations,

maximum depolarization occurred at a stimulating fre-

quency of 40 Hz. In preparations exhibiting biphasic re-

sponses, the eventual loss of EJPs left only the IJPs in

the ipsilateral and the contralateral valves.

Figure 5 illustrates that valve muscles receive dual in-

hibitory inputs that show facilitation when repetitively

stimulated. These recordings were taken from the valve

contralateral to the site of stimulation. A single 8-V stimu-

lus resulted in a 1.5-mV hyperpolarization, while a 9-V

stimulus recruited the second inhibitory axon and resulted

in a 3-mV hyperpolarization. When stimulated by 8-V

twin pulses (time delay between pulses = 170 ms), the

first and second IJPs were 2 and 6 mV. respectively. Twin

pulse stimulation at 9 V produced hyperpolarizations of 4

and 9.5 mV after the first and second pulses, respectively.

The bath application of a few drops of saline had no

effect on membrane potential (Fig. 6A), but the same

amount of ACh (10 ^Af) caused a rapid depolarization

of muscle fibers, with a gradual repolarization back to the

resting membrane potential (Fig. 6B). GABA (10 "M)
elicited a rapid hyperpolarization of fiber membrane, with

a slow recovery back to rest (Fig. 6C). The results shown

are consistent with those taken from three animals. The

IJPs were blocked by picrotoxin (Fig. 7). Fifty milliliters

of 10"^ M picrotoxin was applied to the bath at a flow

rate of 2.5 ml min ' for 20 min, after which superfusion

of the bath with saline resumed. Twenty minutes after the

first application of picrotoxin, UP magnitude was greatly

reduced, and after 30 min it was virtually eliminated.

Twenty minutes after resuming perfusion with fresh sa-

line, UP magnitude had partially recovered to pretreat-

ment levels.

Spontaneous rhythmic oscillations in membrane poten-

tial of up to 28 mV and oscillation periods of 5-9 s were

often observed (Fig. 8). These oscillations could persi.st

for several hours and were usually accompanied by visible

rhythmic contraction and relaxation of the valve flaps.

The activity of spontaneously contracting LAAVs was

modified by both ACh and GABA. ACh depolarized the

valve muscle fibers, blocking the spontaneous oscillations

in membrane potential; rhythmic oscillations gradually

returned as ACh was washed out. Application of GABA
to spontaneously oscillating muscle fibers produced a bi-

phasic response: an initial period of membrane hyperpo-
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Figure 4. (A) Intracellular recordings from a valve muscle fiber dunng stimulation of the valve nerve

at site A (Fig. IC), and (B) at site B (Fig. IC) at different frequencies. (C) Record of biphasic membrane

potential responses to stimulation of valve nerve at site A (Fig. IC). Only IJPs were produced below 5 Hz

stimulation, summed IJPs followed by a small depolarization occurred at 5 and 10 Hz. and summed IJPs

followed by repolarization during the period of stimulation and large EJPs occurred during stimulation at

20 Hz and higher. The vertical lines on each trace are stimulus artifacts. The inhibitory waveform dunng

the 20 and 40 Hz stimulation was lost in these computer-scanned records; these two records are retouched

to reveal the negative waveforms.
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0.4 s

Figure 5. The effect of a single pulse (top trace) and twin pulse

(lower trace, delay = 170 ms) stiinulation of the lateral abdominal arte-

rial valve nerve on muscle fiber membrane potential. Stimulation at two

different voltages (8 and 9 V) m each pair of traces.

larization and decreased oscillation frequency, followed

by a period of increased frequency of spontaneous depo-

larizations.

Discussion

This study focuses on the control of hemolymph distri-

bution into and from the DAA, but to put these results into

perspective relative to the overall control of hemolymph

distribution, it is useful to review the general distribution

of hemolymph among the seven arteries that leave the

heart. Several crustacean species are known to have a

muscular cardioarterial valve at the origin of each artery

at the ventricle. These valves are in a position to control

the distribution of cardiac output to large regions of the

body (Kuramoto and Ebara, 1984; Kihara et ai. 1985;

Fujiwara-Tsukamoto e?a/., 1992; Kuramoto e/ w/., 1995).

This holds true for Homanis americamis. except for the

sternal and dorsal abdominal arteries that arise from the

bulbus arteriosis at the back of the heart. The bulbus and

ventricle are separated by a nonmuscular flap valve that

serves to rectify hemolymph flow leaving the ventricle

posteriorly (Kurainoto et ai, 1992). A different mecha-

nism is responsible for pai"titioning of flow between these

two posterior arteries. The outflow from the bulbus into

the sternal artery is regulated by the muscular sternal

cardioarterial valve (Kuramoto et ai. 1992. 1995). but

there is no valve at the origin of the DAA. Instead the

segmental LAAVs provide the only sites to regulate flow

into and through the DAA. The DAA supplies hemo-

lymph to the abdominal muscles and swimmerets through

the segmental pairs of LAAs, and to the gut and gonads

through a perfusion of small-diameter vessels that exit

the ventrolateral wall of the DAA. Contraction of the

LAAVs by neural (present results) or hormonal (Wilkens,

1997) inputs will decrease the flow into the DAA and

redirect flow into other vascular beds, including those

supplied by the small vessels to the gut and those supplied

by the sternal artery. Conversely, a generalized neural-

induced relaxation of the LAAVs will reduce the resis-

tance of the DAA and favor an increased hemolymph

flow into the LAAs that supply the abdominal muscles

and swimmerets. Thus. LAAVs play important roles in

controlling the distribution of hemolymph from the DAA.
The nerves supplying the LAAVs were first identified

in Putainobiiis astaciis by Alexandrowicz (1932a), who
referred to them as the nervi segmentales aortae abdomi-

nalis. It is shown here that valve muscles of H. ameri-

camts receive both inhibitory and e.xcitatory innervation.

Stimulation of the inhibitory nerves causes hyperpolariza-

tion of valve muscle fibers and relaxation of the valves.

This results in increased outflow through the LAAs. Valve

fibers receive at least two inhibitory neurons. Excitatory

nerves cause fiber depolarization, contraction of the

valves, and reduction in LAA outflow. The sternal arterial

valve in H. ameiicanns appears to receive only inhibitory

nervous input (Kuramoto erfl/.. 1992, 1995), a conclusion

supported by the present results. One of the inhibitory

neurons to this valve arises from an anterior projection

from the LAA nerve from the first abdominal segment.

A
I

B

C

I

I

?

15s

Figure 6. The effect on fiber membrane potential of adding 0.5 ml

of (A) saline, (B) ACh (10 'M), and (C) GABA (10"' M) solution

from a pasteur pipette directly over a lateral abdominal arterial valve

muscle. Arrow indicates the time of application.
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B

10 mV

15 s

Figure 7. The effect of picroloxin ( l(r^ M) on UP amplitude dunng train stimulation (3.5-s train, ID Hz)

of the lateral abdominal arterial valve nerve. (A) Control responses; picrotoxin was added to the bath immedi-

ately after this recording. (B) Responses after 20-min exposure to picrotoxin. The bath was Hushed with saline

(2.5 inl min"') beginning at 20 min. (C) Recording after 10 min of saline wash. (Dl UP ampliaide had partially

recovered after 20 min of washing. The vertical lines on each trace are stimulus artifacts.

The nature of the innervation of the other cardioarterial

valves in not known for lobsters. In the isopod B. doeder-

leini. Kihara et al. (1985) found that some cardioarterial

valves are dually and antagonistically innervated, whereas

others receive only excitatory or inhibitory innervation.

It seems reasonable to assume that the complexity of

the innervation of a valve is related to the degree of

control required of that valve, and of the overall architec-

ture of the arterial system of which the valve is a part.

For example, the sternal artery in H. americamis supplies

a number of critical structures, including the mouthparts,

scaphognathites, walking legs, gut, and ventral nerve

cord. It is unlikely that completely stopping hemolymph

flow into this artery would ever be desirable, which may

help explain the absence of excitatory nervous control of

this valve. Flow into the sternal artery would, however,

be indirectly reduced if the cardioarterial valves of other

arteries and LAAVs were to dilate, lowering the relative

flow resistances of other arterial pathways out of the heart.

On the other hand, the DAA supplies two different vascu-

lar beds, and the complex control that includes both excit-

atory and inhibitory innervation would allow redistribu-

tion between them. We presuine that the neural control

of the LAAVs in H. americaiuis is related to swimmeret

activity, as in B. doederleini (Fujiwara-Tsukamoto et al..

1992), with increased inhibitory input during swimmeret

and abdominal muscle activity and reduced inhibitory in-

put during periods of low physical activity. Restriction

of the flow out the LAAs by nervous and hormonal excita-

tion of the valve muscles would favor flow into the

smaller diameter and higher resistance gut vessels, pre-

sumably during digestive episodes.

The distribution of the LAAV nerves, with the projec-

tion of at least inhibitory axons to seginents anterior to a

particular nerve, may contribute to anterior waves of

valve opening during anteriorly directed metachronal

waves of swimmeret beating. However, the spontaneous

membrane potential oscillations recorded //; vitro seem

unrelated to swimmeret activity because the frequency

of the oscillations is lower than typical swimmeret beat

frequencies (0.5-2 Hz; Cattaert and Clarac, 1983; Mullo-

ney et al.. 1987; Barthe et al.. 1993), and the oscillations

persist when the swimmerets are not active (see below).

Further investigation is required to test this suggestion.

Biphasic changes in membrane potential were some-

times found during nerve stimulation, with a period of

hyperpolarization preceding depolarization. The simplest

interpretation of this observation is that both inhibitory

and excitatory axons were stimulated and that the latency

was shorter for the inhibitory inputs. This interpretation

is similar to the time course of change in heart rate in

crayfish (Wilkens and Walker, 1992; also seen in H.

americamts. Wilkens, unpubl. obs.). At the heart, the re-

spon.se to cardioinhibitory nerve stimulation is quicker

than that to cardioacceleratory nerve stimulation. Biphasic

responses were not apparent in recordings of LAA flow

and DAA pressure, where only the effects of valve con-

traction were apparent. A more detailed analysis, includ-

ing the use of neurotransmitter blockers, will help under-

stand the basis for these biphasic responses.
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Figure 8. (A) Spontaneous membrane potential oseillations re-

corded from a lateral abdominal arterial valve muscle fiber when per-

fused with sahne. (B) Application of 0.5 m! of ACh (10"^M, arrow)

depolarized the fiber and temporarily blocked the spontaneous oscilla-

tions. C) The application of 0.5 ml of GABA (10"'M. arrow) at first

prolonged the interosculation interval and then increased the rate of

oscillations. All records are taken from a single fiber.

It is most likely that GABA is the neurotransmitter re-

leased at the inhibitory LAAV neuromuscular junctions in

H. americamis. This assumption is based on a number of

observations. First, the magnitudes of hypeipolarizations of

membrane potential resulting from nerve stimulation are

similar to those produced by application of GABA. Second,

during GABA-initiated hyperpolarization of LAAV muscle,

electrical stimulation of the LAAV nerve had little effect,

but as the membrane potential recovered from GABA, IJPs

could again be elicited by nerve stimulation. Third, picro-

toxin was effective in reversibly blocking nerve-induced

and GABA-induced hyperpolarizations of the LAAVs. In

another study, GABA hypeipolarized the sternal arterial

valve and masked inhibitory postsynaptic potentials (IPSPs)

arising from inhibitory nerve stimulation (Kuramoto et ai.

1992). In crustacean neuromuscular systems, picrotoxin de-

presses the increased membrane Cr conductance caused

by GABA in a reversible noncompetitive manner (Takeuchi

and Takeuchi, 1969). In view of the proposed homology

between the sternal artery and LAAs (Wilkens et ai,

1997b), it is noteworthy that the nerve-induced hyperpolar-

ization of the sternal cardioarterial valve is mimicked by

dopamine and is not blocked by picrotoxin (Kuramoto et

ai. 1992).

ACh, but not glutamic acid, caused depolarization of

the valve muscle fibers, resulting in decreased flow

through the LAA due to contraction of the LAAV. The

magnitudes of these effects were similar to those caused

by selective stimulation of the LAAV nerve, suggesting

cholinergic innervation. This suggestion should be tested

with further work using ACh blockers. The depolarization

of valve fibers by ACh must account for the increase in

the resistance to flow through the DAA (Wilkens. 1997).

In B. doederleini. the inhibitory innervation of cardioar-

terial valves is cholinergic (Okada et al.. 1997). It appears

that there is variability among the Crustacea in the physio-

logical effects of ACh.

Spontaneous nonspiking oscillations in LAAV muscle

membrane potential, with concurrent contraction and re-

laxation of the valves, were often observed in the present

study. Spontaneous slow depolarizing and spiking poten-

tials have been reported to occur in the sternal cardioarte-

rial valve in H. uinericanus (Kuramoto et ai, 1992, 1995),

and are produced in the cardioarterial valves of other

arteries in both H. americamts and Paniilirtis japoniciis

(Wilkens and Kuramoto, unpubl. obs.). The records of

arterial flow taken from intact H. amerkaims and Cancer

magister often reveal cyclic fluctuations of flow (McMa-

hon, 1992; McGaw et ai, 1994). Assuining that these

rhythmic fluctuations are a result of rhythms of LAAV
tension, we can ask about their physiological role. In the

abdomen, the slow rhythmic opening and closing of the

LAAVs may serve to maintain a low basal hemolymph

flow to the abdoinen and swimmerets during periods of

locomotory inactivity and of increased digestive activity

when it is predicted that the LAAVs would be closed.

Control of hemolymph distribution within a particular

region would require peripheral mechanisms of flow con-

trol. Apart from the LAAVs of macrurans, very little is

known about such peripheral sites of control of hemo-

lymph flow in decapods. Taylor and Taylor (1986) identi-

fied structures in the gills of Carcinus maenas (L.) which

they suggested might be efferent valves. In an abstract,

Taylor et al. ( 1995) indicate that some cardioactive hor-

mones can modulate vascular resistance to perfusion in

crab gills //; vitro. The resistances of perfused arterial

trees in H. americamis (Wilkens, 1997) and Procambanis

clarkii (Lovell and Wilkens, unpubl. data) are altered by

several hormones.

Of the seven arteries leaving the heart in H. ameri-

camts, only the DAA has a layer of striated muscle in

the artery wall (Wilkens et ai. 1997a). A muscular layer

has also been identified in the dorsal abdominal arterial

wall in the ridgeback prawn Scyonia ingentis (Martin et

ai. 1989) and the spiny lobster Pamiliriis interruptus

(Burnett, 1984). Indeed, this may be a cominon feature

of all the macrurans. These muscle fibers are arranged

circumferentially; their contraction will reduce the diame-

ter of the vessel, and spontaneous rhythmic contractions

of the DAA have been observed in vitro (Wilkens et ai,

1997b; Davidson and Lovell, unpubl. data).
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Burnett (1984) postulated that the muscular DAA is a

vestigial remnant of the tubular heart Found in more primi-

tive malacostracans, such as stomatopods. Wilkens et al.

(1997b) supported this hypothesis and suggested in addi-

tion that the LAAVs may have been ancestral cardioarte-

rial valves. In agreement with this suggestion, the anatom-

ical pattern of innervation of the LAAVs in H. amehcainis

is similar to that of the cardioarterial valves in the sto-

matopod Squilla mantis (Alexandrowicz, 1932b). The sto-

matopod cardiovascular system is thought to resemble a

more primitive architecture (McLaughlin. 1980). In S.

mantis, a branch of each of the segmental nerves supply-

ing a cardioarterial valve passes across the heart to inner-

vate the contralateral valve in the same segment, much

in the same way that LAAV nerves innervate both valves

within a segment in H. americcmus. Wilkens et al. ( 1997b)

further suggested that the sternal artery is homologous to

the abdominal LAAs. This view is supported by observa-

tion that the anterior projection of the LAAV nerve in

the first abdominal segment synapses on the sternal car-

dioarterial valve in the same manner that LAAVs in adja-

cent abdominal segments are connected. Interestingly,

neural-induced relaxation of LAAVs in the first abdomi-

nal segment would presumably be accompanied by relax-

ation of the sternal cardioarterial valve due to their com-

mon innervation. Thus, in the absence of other control

mechanisms such as hormones, changes in the resistances

of the DAA and SA pathways may occur in parallel,

rather than being regulated independently. There is no

evidence that the sternal cardioarterial valve receives ex-

citatory input.

The contraction and relaxation of the locomotory mus-

cles in decapods may augment venous blood flow (Blatch-

ford. 1971; Wood and Randall, 1981; McMahon and Bur-

nett, 1990). Flow of dye injected into the ventral blood

sinuses of the abdomen of H. americamis was shown to

increase about 10-fold during abdominal flexion (Burger

and Smythe. 1953). Extracardiac pumping would be pos-

sible only if valves are present to prevent the retrograde

flow of blood. One function of the LAAVs may thus be

to prevent blood backflow during the vigorous abdominal

movements of swimming and escape tail flips. Passive

flexion of the abdomen in semi-intact preparations of H.

americanus causes a small rise in DAA resistance (Wil-

kens et al. 1996). and tail flips cause pulses of increased

pressure in the DAA in P. ciarkii (Lovell and Wilkens,

unpubl. obs.).

Taken together, the observations discussed here show

that the LAAVs may be important in passively rectifying

hemolymph flow and actively regulating the distribution

of flow between the different vascular beds of the abdo-

men. It is yet to be investigated whether the nervous

inputs to these valves are active as predicted during nor-

mal behaviors, and whether a similar valvular mechanism

is involved in the control of peripheral resistance in the

other arterial systems.
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Abstract. Larvae-like vegetative buds of the scypho-

zoan Cassiopea andromeda metamorpiiose into polyps in

the presence of oligopeptides that have a well-defined

primary structure. Buds were incubated with the hexapep-

tide '^C-dansyl-GPGGPA. a representative inducer. Auto-

radiography of longitudinal sections of these buds re-

vealed rapid internalization of peptide by the buds. Silver

grain density was highest in the pre-pedal disc region (or

aboral knob) of metamorphosing buds. Larvae and buds

sporadically explore their habitat with this aboral knob,

searching for a suitable solid substrate to which irrevers-

ible attachment will be made. Buds were incubated for

3, 8. or 16 h with '""C-dansyl-GPGGPA. then homoge-

nized and the supernatants analyzed to determine the

chemical fate of the inducer. The signal molecule was

shown to be partly degraded to '^C-dansyl-GP. partly to

'"•C-dansyl-G, and in part still present in its original struc-

ture. These cleavage products were also found in the sur-

rounding medium after an incubation time of 8 h with

'""C-dansyl-GPGGPA. but did not induce metamoi-phosis.

This study suggests that expt)sure of metamorphosis-in-

ducing peptides to buds of Cassiopea andromeda results

in signal termination.

Introduction

Studies dealing with chemical inducers of metamorpho-

sis of marine invertebrate larvae often focus on their signal

transduction systems. Such research has been carried out

with the scyphozoan Cassiopea spp. In Cassiopea, settle-

Received 22 September 1995; accepted 17 September 1997.

* E-mail; Juergen.Fleck@ruhr-uni-bochum.de

Abbrevialions: ABS, seawater containmg antibiotics; PKC. protein

kinase C; TLC. thin layer chromatography.

ment of vegetative buds and larvae and dramatic morpho-

genetic transition to a primary polyp can be observed in

less than 24 h by exposing the animals to oligopeptides of

a well-defined primary structure (Fitt and Hofmann, 1985;

Pitt et a!.. 1987: Hofmann and Brand. 1987; Fleck and

Hofmann, 1990; Fleck and Bischoff, 1993; Hofmann el

ai. 1996). Substitution of the amino terminals of metamor-

phosis-triggering peptides with ligands of increasing hy-

drophobic character enhances the biological activity,

whereas carboxyterminal blockade inactivates it (Hofmann

and Brand, 1987; Fleck and Hofmann, 1990; Fleck and

Bischoff, 1993; Hofmann et al.. 1996).

Biologically active peptides for Cassiopea spp. can be

easily marked by inserting a radioactively labeled group.

Coupling of '^C-dansyl chloride to the amino terminus of

the hexapeptide GPGGPA results not only in a labeled

inducer molecule but also in a highly efficient trigger of

inetamorphosis in buds of Cassiopea andromeda (Fleck

and Hofmann, 1995).

Using this molecule in studies //; vivo. Fleck and Hof-

mann ( 1995) demonstrated specific and saturable binding

to buds, suggesting that peptide-induced metamorphosis

is receptor mediated. Bioactive peptides are proposed to

bind primarily to cell membrane receptors located in the

pre-pedal disc region (aboral knob) (Fleck, 1994; Ar-

thecker, 1995; Hofmann and Hellmann, 1995). Swimming

with this morphological structure facing forward, buds

and larvae explore their habitat in search of a suitable

substrate and eventually attach. The natural signal for

metamorphic induction of the hydroid Hydractinia eclii-

nata is also recognized at the aboral end of the larvae

(Schwoerer-Bohning et al., 1990). Although the possibil-

ity that peptidic cues have to interact with intracellular

receptors in order to trigger metamorphosis of Cassiopea

spp. cannot be excluded, none of the currently available
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data favor such a signal transduction mechanism. How-

ever, it remains unknown on what part of buds or larvae

and in what tissue layers the receptors for the inducers

are located.

Tumor-promoting phorbol esters, which are known to

activate protein kinase C (PKC, see review by Hug and

Sarre, 1993). are another class of biologically active com-

pounds in Cassiopea spp. ( Bischoff et al.. 1 99 1 ; Fleck and

Bischoff, 1993). Studies conducted with phorbol esters,

biologically active peptides, and PKC inhibitors indicated

that PKC is an important part of the signal transduction

pathway in induction of metamorphosis (Bischoff et al..

1991: Fleck and Bischoff, 1993; Fleck, in press). This

enzyme has also been shown to be involved in the initia-

tion of metamorphosis in other cnidarian larvae (Freeman

and Ridgway, 1990; Hassel et al.. 1996; Henning et al.,

1996; Walther et al.. 1996, Fleck, 1997).

The chemical fate of the metamorphic inducer— after

it has produced its biological effect— is a critical matter

for signal transduction systems (Carr et al.. 1990). Can-

et al. (1990) reported that chemoactive agents in various

organisms are chemically changed by degradative en-

zymes to yield products that can be either more or less

stimulatory than the original compound.

Reports on changes in the chemical structure of the

biologically active compounds during interaction with lar-

vae are rare, since even the chemical structure of most

natural inducers is not known (see review by Pawlik,

1992). Some inducers are compounds whose chemical

fate is difficult to monitor because the molecules are dif-

ficult to label; others are of such a simple chemical struc-

ture that nt) further change is to be expected (see review

by Pawlik, 1992). This issue is also unexplored for scy-

phozoans. i.e.. it remains unresolved if the inducer mole-

cule is inactivated by either being taken up by larvae or

buds of Cassiopea or being chemically modihed outside

of or within larvae or buds.

This paper shows uptake of radioactively labeled pep-

tide and chemical alteration of the signal molecule '''C-

dansyl-GPGGPA when exposed to buds of Cassiopea

andromeda in order to induce metamorphosis. Autoradio-

graphical techniques were used to determine the loca-

tion— area and tissue— of the receptors for the inducer.

Materials and Methods

Animals

Vegetative buds of Cassiopea andromeda were col-

lected from a culture of budding polyps kept in the labora-

tory at a constant temperature of 23°C in North Sea water.

The buds were washed in seawater containing antibiotics

(ABS: 100 mg penicillin, 100 mg neomycin, and 130 mg
streptomycin dissolved in 1 1 seawater) before being used

in the assays.

Preparation of "C-dansyl-GPGGPA

Synthesis of the metamorphosis-inducing oligopeptide

'^C-dansyl-GPGGPA is described elsewhere (Fleck and

Hofmann. 1993). The total amount of product after puri-

fication and lyophilization was about 585 pg (1.9 MBq).

Preparation of hud sections for autoradiographic

analysis

Solutions of the inducer peptide were prepared in two

glass dishes each containing '^C-dansyl-GPGGPA dis-

solved in 1 ml ABS in a final concentration of 5.3 X
10"'^ mol/1 (114 KBq). Forty buds of Cassiopea andro-

meda were incubated in each of the two dishes. A few

buds (3-4) were removed after 10, 20. 30, 60, and

1 20 min and every 2 h thereafter up to a total incubation

time of 32 h. The buds were subsequently transferred into

2.5% glutaraldehyde in 0.1 M cacodyle buffer and fixed

overnight. This procedure was followed by one wash in

0.1 M cacodyle buffer and one wash in distilled water,

and then by successive rinses in increasing concentrations

of ethanol. Embedding was carried out in Epon for 3 days

at a temperature of 60°C. The buds were sectioned ( 1 ^m)

with an ultramicrotome (Om U3, Reichert). The .sections

were transferred to slides previously coated with chrome

alum gelatin. The slides were covered with stripping film

AR 10 (Kodak) in red light and then kept at -20°C for

3 months in darkness. At the end of the exposure, the

filmed slides were developed in D19b developer (Kodak)

for 5 min, fixed, and dried with cold air from a hair drier.

The sections were then stained for 25 min with a solution

composed of the following components; 50 ml distilled

water, 1.5 ml 0.2 mol/1 sodium hydrogen phosphate con-

taining 0.1 mol/1 citric acid (pH 7.2), 1.5 ml methanol,

and 5 ml Giemsas-solution. After rinsing the slides with

distilled water and drying, the specimens were analyzed

with a BH-2 light microscope (Olympus).

Silver grain density in the ectoderm and endoderm of

the pedal disc, stalk, and presumptive head was deter-

mined directly by microscopy (magnification lOOOx). La-

bel was counted in five longitudinal sections through the

center of buds that had been incubated for either 10 or

30 min in ABS containing '^C-dansyl-GPGGPA. Whole

sections were photographed at a magnification of 200x.

The number of grains was related to the area (in square

centimeters) of the different segments of the developing

polyp (pedal disc, stalk, presumptive head). The means

of the number of labels of the five sections of each of the

three morphological parts were analyzed by analysis of

variance ( ANOVA); 2-way ANOVAs were performed for

the 10-min and 30-min incubation, with segment and tis-

sue (ectoderm, endoderm) as factors, and another 2-way

ANOVA was carried out with incubation time and seg-

ment as the factors. The Student-Newman-Keuls method
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was used for all pairwise multiple comparison procedures

(P < 0.05).

Determination of the chemical fate of C-dansyl-

GPGGPA

One thousand buds of C. anclromecia were incubated

in small glass dishes containing '"'C-dansyl-GPGGPA dis-

solved in ABS to make a final concentration of 9 X
10^- mol/1 ( 17.8 KBq). Inducer peptide at this concentra-

tion effects metamoiphosis of 100% of buds within 24 h

(Fleck and Hofmann, 1995). Incubations were terminated

after 3, 8, or 16 h. The animals were washed four times

with 5 ml ABS, either in PD 10 columns (Pharmacia) or,

if irreversibly attached, in the glass dishes themselves.

The buds were homogenized in 1 ml 0.1 M HCl by inten-

sive flushing with a glass pipette. The homogenate was

transferred to an Eppendorf tube and centrifuged for

5 min at 24000 X t;. The supernatant, containing cytosol

and very small cellular particles, and the pellet, containing

cell fragments, were separated. The pellet was completely

dissolved in 1 ml 1.35 M NaOH overnight. The radioac-

tivity of 100 /jl of the supernatant, and of the dissolved

pellet, was determined in 2 ml Quickszint 212 (Zinsser)

in plastic vials in a Rack Beta liquid scintillation counter

(LKB). Both the remaining supernatant (900^1 0. IM
HCI) and pellet (900 ^1 1 .35 M NaOH) were desalted and

separated in Mobicol mini columns (Biometra) containing

about 300^1 of the reversed phase gel Octyl Si = 100

(Serva). After application of the sample, the gel was

washed sequentially with 2 ml distilled water, and then

30, 50, 70, and 100% methanol. Radioactivity of 100^1

of each eluate was measured in 2 ml Quickszint 212 in

the scintillation counter. Eluates containing radioactivity

were then lyophilized in a Speed Vac concentrator (Sa-

vant) coupled to an LO 3 freeze dryer (Wkf ). The lyoph-

ilisate of each radioactive eluate was dissolved in an ap-

propriate volume of distilled water corresponding to the

radioactivity previously determined. Samples (2^1) of

each radioactive lyophilisate were separated by thin layer

chromatography (TLC) on silica gel aluminum foils

(Merck) in «-propanol:distilled water of 3:1 (total volume

60 ml). Autoradiography was conducted by exposing the

chromatograms to Fuji RX X-ray film in a cassette with

intensifier screen (Sigma) for 7-14 days at a temperature

of -45°C. The film was subsequently developed in D 19b

developer (Kodak) and fixed in Unifix fixer (Kodak) for

5 min in absolute darkness. The film was then kept, for

2 min, in a stop bath containing a small volume of acetic

acid in distilled water. Finally the film was intensively

washed with water and dried at 30°C.

The experiment to determine the chemical fate of the

inducer peptide was performed in replicate. In addition,

the following control experiments were carried out:

a) The chemical stability of '"C-dansyl-GPGGPA in

ABS was determined by incubating the inducer peptide

in 100 pi ABS at a concentration of 1.7 X 10"" mol/1

(0.4 KBq) for 8 h at room temperature. Thereafter the

solution was separated by reversed phase chromatography

in Octyl Si = 100 in mini columns and further prepared

for TLC and autoradiography as described above.

b) As a test of the chemical stability of '"'C-dansyl-

GPGGPA during homogenization of the buds in 0.1 A/

HCl. the peptide (1.7 X IC' mol/1: 0.4 KBq) was added

directly to 1000 buds of Cassiopea andromeda which

were taken up in 1 ml 0.1 M HCl. Homogenization in a

glass pipette and all further steps up to autoradiographic

analysis of the homogenate were carried out as reported

above.

c) The chemical stability of '""C-dansyl-GPCGPA in

bud homogenate was determined by exposing the radioac-

tively labeled peptide at a concentration of 5.1 X

10 ' mol/1 (1.2 KBq) to 1 ml 0.1 M HCl containing 1000

homogenized buds of Cassiopea cmdromeda for 8 h at

room temperature. Afterwards the homogenate was pre-

pared as described above.

Results

Induction of metamorphosis hy '^C-dansyl-GPGGPA

The radioactively labeled uiducer peptide '"C-dansyl-

GPGGPA triggered metamorphosis of buds of Cassiopea

andromeda. Buds started to metamorphose when incu-

bated in ABS containing "C-dansyl-GPCGPA at either

test concentration (9 X 10"mol/l or 5.3 X 10"' mol/1).

Reversible attachment (stage A, Fig. 1 ) of the buds to the

walls of the glass dishes or to the surface of the solutions

took place within 4-6 h. Irreversible attachment (stage

B. Fig. 1 ) was established after 8 h, whereas buds devel-

oped up to stage C and D (Fig. 1) when exposed to the

inducer for 16-32 h.

Uptake of radioactively labeled peptide hy

metamorphosing buds

Autoradiographic analysis revealed silver grains in all

longitudinal sections of buds, regardless of whether they

were exposed to '""C-dansyl-GPGGPA for 10 min or for

32 h (Fig. 2a).

Labeling was discovered in the ectoderm and endo-

derm. The ectoderm is composed of three cell types: tall

columnar cells, nematoblasts and nematocytes, and mucus

cells (Hofmann and Honegger, 1990). Silver grains were

found in all of these cell types. Accumulation of labeling

in a special cell type could not be observed (Fig. 2b).

The same was true for the endoderm consisting of colum-

nar cells and cells exhibitins heterolvsosomes, digestive
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Figure 1. Development of buds (stage a) of Cassiopea spp. in the presence of metamoqjhic inducers.

Irreversible attachment takes place at stage B.

vacuoles, and vesicles (Hofmann and Honegger, 1990;

Fig. 2b).

Analysis of the silver grain density in sections of buds

exposed to '"'C-dansyl-GPGGPA for lOmin or 30 min

revealed a significant increase in the total number of la-

bels with the duration of the incubation. Comparison of

the degree of labeling of the segments for the two incuba-

tion times showed that after 30 min the number of silver

grains significantly increased in all segments except the

head. The ectoderm was found to label more than the

endoderm for both 10-min and 30-min incubation (Fig.

3). The density of silver grains was highest in the pedal

disc, followed by the stalk and the head. This profile

appeared in the 10-min and 30-min specimens (Fig. 3).

Comparison of the data of the 10-min incubation showed

significant differences in the labeling of the segments in

ectoderm and endoderm except for ( 1 ) pedal disc endo-

derm versus head ectoderm and (2) stalk endoderm versus

head endoderm (Fig. 3). This was also true for the 30-

min incubation except for ( 1 ) stalk ectoderm versus pedal

disc endoderm and (2) stalk endoderm versus head endo-

derm (Fig. 3).

Chemical fate of "C-dansyl-GPGGPA

When buds that had been previously exposed to '""C-

dansyl-GPGGPA for 3, 8, or 16 h were homogenized in

0.1 M HCl. more than 857f of the total radioactivity was

(•'rieni.-.^
%:'r V-

'

Figure 2. (A) Total view of a longitudinal section through the center of a bud of Cassiopea androineda

exposed to '""C-dansyl-GPCGPA {^3 x 10'- mol/1) for 30 min. Silver grains are not visible at this magnifi-

cation (200x). Scale bar. 50 pm. (Bl Distribution of silver grams (arrows) in the corresponding pedal disc

of (A), en. endoderm; ec. ectoderm. Magnification lOOOx; scale bar. 10 ^m.
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HEAD STALK PEDAL DISC

HEAD STALK PEDAL DISC

Figure 3. Number of silver grains per cm' photo area of longitudinal

sections of buds of Cassiopeci andromeila exposed to '^C-dansyl-GPG-

GPA (5.3 X 10 'mol/1; 114kBq) either for 10 or 30 min. Data are

means ± SD of the number of silver grains in 5 sections of one bud.

Two-way ANOVAs were carried out for both incubation times, with

segment (head, stalk, pedal disc) and tissue (ectoderm, endoderm) as

factors. All pairwise multiple companson procedures were performed

with the Student-Newman-Keuls method, ec, ectodenii; en, endoderm.

found in the supernatant after centrifugation of the ho-

mogenate. The pellet dissolved in 1.35 M NaOH con-

tained less than 14% of the total radioactivity. Therefore,

only the supernatant of the homogenate of buds was sepa-

rated by reversed phase chromatography in mini columns.

Total radioactivity in the 0.1 M HCl supernatant in-

creased in a nonlinear manner with the duration of the

incubation (Fig. 4). Reversed phase chromatography of

the 0.1 M HCl supernatant revealed radioactivity in the

distilled water eluate and in the 50% methanol eluate

(Fig. 4). hut at longer incubations, an increasing portion

of radioactivity could not be eluted from the reversed

phase gel (Fig. 4).

The 50% methanol eluates were lyophilized. redis-

solved. and subjected to TLC. Autoradiography showed

'^C-dansyl-GPGGPA, '"'C-dansyl-GP, and '""C-dansyl-G

for each incubation time (Fig. 5. lanes B, C, D). The

distilled water eluates contained high amounts of salts,

and these autoradiograms showed no well-defined spots.

Therefore, identification of the radioactive compounds

was impossible.

To detemiine whether degradation products of the hexa-

peptide occur in the incubation solution in the presence of

metamoiphosing buds, a 20-/71 sample of the incubation

solution was analyzed following an 8-h incubation of 1000

buds in 900 /j1 of ABS containing ''C-dansyl-GPGGPA (9

X 10" mol/1: 17.8 KBq). The sample was sepaiated on a

mini column by reversed phase chromatography in Octyl

Si = 100. Radioactive eluates were checked by TLC fol-

lowed by autoradiography of the TLC aluminium foil. The

autoradiogram showed that traces of '^C-dansyl-GP and

'^C-dansyl-G were present in the medium simultaneously

with the hexapeptide (Fig. 6. lane A).

The control experiments revealed that (i) '^C-dansyl-

GPGGPA was chemically stable in ABS at room tempera-

ture for at least 8 h (Fig. 6. lanes B. C, and D); (ii) the

chemical stability of '^C-dansyl-GPGGPA was not af-

fected by the homogenization of the buds in 0.1 M HCl

(data not shown); and (iii) '^C-dansyl-GPGGPA was

chemically stable in bud homogenate for an incubation

time of at least 8 h (Fig. 6, lanes E and F).

Discussion

The present study, applying the same radioactively la-

beled inducer to buds of Ccissiopea cuuiromeda as used

for binding experiments //; vivo (Fleck and Hofmann,

1995). shows that biologically active oligopeptides might

face a cheinical fate similar to that of many signal mole-

cules. Autoradiography of longitudinal sections of buds

incubated in solutions containing '"'C-dansyl-GPGGPA

revealed uptake of the peptide (Fig. 2). Analysis of ho-

mogenates of buds that had been exposed to the hexapep-

tide for 3, 8. or 16 h showed that the inducer was partly

degraded to '^C-dansyl-GP and "C-dansyl-G (Fig. 5).

Those cleavage products are not able to induce metamor-

phosis (Fleck, 1994). Internalization and degradation may

therefore represent a mechanism for signal termination.

Uptake of peptidic signal molecules is common in plant

and animal cells. This process may lead to intracellular deg-

radation of the ligand and receptor but often involves recy-

cling of the receptor to the cell surface (see review by

Smythe and Wan-en, 1991). In the present study, radioac-
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Figure 5. Autoradiogram of the radioactive 50% methanol eluate

obtained by reversed phase chromatography of the supernatant of ho-

mogenates of buds of Cassiopea cmdromeda exposed to '^C-dansyl-

GPGGPA (9 X 10"" mol/1) for 3 h (lane B). 8 h (lane C). or 16 h (lane

D). A standard of '^C-dansyl-GPGGPA was applied in lane A. . '""C-

dansyl-GPGGPA; >-. '"C-dansyl-GP; . "C-dansyl-G.

the carboxyterminal cleavage fragments of the inducer

peptide. Therefore the possibility cannot be excluded that,

in addition to the products that did not evoke metamor-

phosis, peptidic fragments were produced (e.g.. GGPA)
that are able to induce metamorphosis even though they

are less stimulatory than '^C-dansyl-GPGGPA (Hofmann

et ciL. 1996).

Degradation of the hexapeptide may take place either

externally or internally of the buds, or by a combination

of both processes. On the one hand, enzymes that are

either membrane-bound or released into the medium may

hydrolyze the inducer right after binding to receptors lo-

cated in the cell membrane. Cleavage products can then

be internalized by the metamorphosing buds. The pres-

ence of '""C-dansyl-GF and '^C-dansyl-G in the incubation

m m^ m

including slime molds, yeast, insects, and crustaceans

(Carr et ai. 1990). The spiny lobster Paiuilims argits

detects potential food sources by olfactory sensilla on

the antennules. These sensilla contain receptors that are

sensitive to exogenous nucleotides. In addition, the sen-

silla contain membrane-bound degradative enzymes that

rapidly dephosphorylate nucleotides entering the sensillar

lymph and pumps that internalize different biologically

active molecules. This process results in a change of the

stimulatory state of the signal (Trapido-Rosenthal et ai,

1987, 1989; Gleeson et ai. 1991, 1992).

Such degradative enzymes seem also to be present in

buds of Cassiopea andromeda. Action of these enzymes

should have degraded '^C-dansyl-GPGGPA to the biolog-

ically inactive compounds '^C-dansyl-GP and '^C-dansyl-

G. However, the experiments performed in this study did

not provide any inforination about the chemical fate of

B E F G
Figure 6. Autoradiogram of radioactive eluates obtained by re-

versed phase chromatography of the following solutions. Lane A: sample

of the incubation solution of 1000 buds of Cassiopea andromeda ex-

posed to "C-dansyl-GPGGPA (9 x 10 " mol/l) for 8 h. Lanes B. C. D:

'••C-dansyl-GPGGPA incubated m ABS for 8 h at room temperature.

Lanes E, F: "C-dansyl-GPGGPA incubated in a homogenate of 1000

buds of Cassiopea andromeda for 8 h at room temperature. Lane G:

standard of "C-dansyl-GPGGPA.>, '''C-dansyl-GPGGPA; >-, ''C-dan-

syl-GP; . "C-dansyl-G.
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solution after 8 h may support this hypothesis. This inacti-

vation mechanism would reduce receptor desensitization

and allow receptor activation to be renewed by subsequent

pulses of the inducer peptide (Carr et ai. 1990). Gleeson

et al. (1991. 1992) showed that degradative enzymatic

activity in Familinis avi^iis is located in the transitional

zone of the olfactory sensilla, which is the region in which

the sensory neurons develop cilia and branch to form

the outer dendritic segments. This demonstration might

suggest that peptide-cleaving enzymes of Cassiopea spp.

are also membrane-bound rather than released into the

extracellular medium.

On the other hand, hexapeptide bound to its receptor

may be taken up as a ligand-receptor complex. Degrada-

tion of the inducer and recycling of the receptor to the

cell membrane as described for the epidermal growth fac-

tor (see review by Sorkin and Waters, 1993) would follow

the internalization process. The presence of '^C-dansyl-

GP and '^C-dansyl-G in the 8-h incubation solution would

then indicate that buds released cleavage products of the

original signal molecule. This inactivation mechanism

would also allow renewal of receptor activation since a

certain number of surface receptors would be re-exposed

in the cell membrane after recycling. In addition, nonspe-

cific uptake of peptide may occur during both processes

described above.

Limited desensitization of receptors could be of special

importance for metamorphic induction of Cassiopea spp.

triggered by peptides. '"'C-dansyl-GPGGPA used in a con-

centration of 9 X 10^" mol/1 had to be present for 8 h to

induce irreversible metamorphosis of buds in this study.

Hofmann and Brand (1987) had to apply the inducer pep-

tide Z-GPGGPA for 7 h at 1.2 X 10 ' mol/1 to yield 100%

metamorphosis of buds of Cassiopea aiuiromeda within

24 h. However, buds treated eight times for 1 h with the

same concentration of the hexapeptide also underwent

metamorphosis to 100% (Hofmann and Brand. 1987).

These results suggest that renewed activation of a receptor

may be important for irreversible attachment and meta-

morphosis of buds and larvae of Cassiopea spp.

The radioactivity of the fraction that contained '""C-

dansyl-GPGGPA. "C-dansyl-GP, and '^C-dansyl-G still

increased after an incubation time of 8 h. Since receptor

activation should no longer be required to complete meta-

morphosis after this time, the increase found after 16 h

might have been the result of nonspecific interactions.

The findings reported here are in contrast to results

published by Trapido-Rosenthal and Morse (1986) for the

chemical fate of a metamorphic inducer of larvae of the

mollusc Haliotis rufescens. These authors found that 'H-

baclofen, which mimics the inducing capacity of GABA
as a settlement cue, was not chemically altered during

interaction with the larvae.

The present paper provides data showing that a peptidic

metamorphic inducer is chemically changed when ex-

posed to vegetative buds of Cassiopea andromeda. The

demonstration of the existence of biologically inactive

fractions resulting from cleavage of '^C-dansyl-GPGGPA

suppiirts the hypothesis that signal termination may be

the cause of degradation of the original signal molecule.
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Abstract. Female sea urchins store the major yolk pro-

tein (MYP) in ovarian nutritive phagocytes before vitello-

genesis. Using immunological procedures, we detected

MYP in the testicular nutritive phagocytes of Pseudo-

centrotus depressus. the red sea urchin, and then com-

pared the distribution of MYP between sexes during ga-

metogenesis. MYP was purified from unfertilized eggs

by ion exchange chromatography (Q Sepharose) and gel

filtration (Superdex 200), and an antiserum (anti-MYP)

was raised against MYP. Immunoblot analysis demon-

strated that immature testes, as well as ovaries, contained

a large quantity of MYP. Immunohistochemistry showed

that MYP was distributed in the nutritive phagocytes oc-

cupying the follicular lumen in both males and females.

In both sexes, as gametogenesis proceeded, the nutritive

phagocytes degenerated and the gonadal lumen filled with

gametes. MYP accumulated in ripe ova as a yolk protein

in the mature ovary. In contrast, MYP was not detected

in mature testes, because stored spermatozoa did not react

with anti-MYP. We conclude that in male P. depressus.

MYP is stored in the testicular nutritive phagocytes and

utilized as the nutrient source for spermatogenesis.

Introduction

The most abundant yolk protein found in sea urchin

eggs is a glycoprotein with a molecular weight of about

180 kDa; this has been termed the major yolk protein or

major yolk glycoprotein (MYP; Hanington and Easton.

Received 11 March I997-. accepted 20 October 1997.
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Ahhrevkilioii: MYP = major yolk protein.

1982: Kari and Rottmann. 1985; Yokota and Kato. 1988).

Unlike other oviparous animals in which vitellogenin, a

precursor of MYP, is female specific, sea urchins have

an abundant supply of vitellogenin in the coelomic fluid

of males as well as females (Harrington and Easton, 1982;

Shyu et al.. 1986). Shyu et al. ( 1986) found that vitello-

genin mRNA is expressed in the intestines and gonads

of both sexes in Strongylocentrotus purpuratus. This sug-

gests the possibility that in sea urchins vitellogenin per-

forms an unidentihed function required by males in addi-

tion to its role in vitellogenesis in females.

In female sea urchins, vitellogenin is reported to be

incorporated into the nutritive phagocytes (accessory

cells) in the previtellogenic ovary for temporary storage,

and then transported to the oocytes to be accumulated as

MYP (Ozaki et al.. 1986; Harrington and Ozaki, 1986).

The gonads of male sea urchins also have nutritive phago-

cytes for nutrient storage (Walker, 1982). However, it is

not clear whether the testicular nutritive phagocytes con-

tain vitellogenin.

The main objective of this study is to examine whether

male sea urchins store M YP-related proteins in their nutri-

tive phagocytes. To achieve this, we purified MYP from

unfertilized eggs of the red sea urchin, Pseudocentrotus

depressus. and prepared an antiserum against MYP. We
compared the distribution of MYP reactivity during ga-

metogenesis in both sexes by immunological analysis.

Materials and Metliods

Animals

Six-month-old juveniles of P. depressus, hatched and

reared at the Fukuoka Prefectural Fish Farming Center,

92
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were transferred to the Coastal Station of the National

Research Institute of Aquaculture. They were kept in

1000-1 tanks supplied with sand-filtered seawater at

30 1 • min ', and reared on kelp, Eisenia bicyclis. The ani-

mals used for the experiment were 2 or 3 years old.

After the peristomial membrane of the animal was re-

moved, coelomic fluid was collected with Pasteur pi-

pettes. Coelomocytes were removed by centrifugation at

600 X g for 5 min. The coelomic fluid was kept at -80°C

until use.

Gonads were dissected out and stored at -80°C. Small

pieces were fixed in Bouin's solution for histological ob-

servations. Paraffin sections of 6-/jm thickness were pre-

pared and stained with hematoxylin and eosin. The go-

nadal maturity of each animal was classified according

to the six stages described by Fuji (1960), with some

slight modifications as described previously (Unuma et

ai. 1996).

During the spawning season in November, eggs were

obtained by coelomic injection of 20% KCl and then were

stored at -80°C.

Purification of MYP

Unfertilized eggs (3 ml) were homogenized with 15 ml

of 10 mMTris-HCl buffer containing 10 m/W NaCl (TBS;

pH 8.0) and 0.1 mM phenylniethylsulfonylfluoride

(PMSF) using Polytron (Kinematica, Switzerland). The

homogenate was centrifuged at 25.000 x g for 20 min at

4°C, and the supernatant was applied to a HiLoad 16/10

Q Sepharose fast flow column (Pharmacia LKB Biotech-

nology, Sweden) equilibrated with TBS. After being

washed with 40 ml of the same buffer, the retained pro-

teins were eluted with a NaCl linear gradient from 10 mM
to 1 M (200 ml in total) using FPLC (Pharmacia). The

flow rate of the column was 2.0 ml • min ', and 4-ml ali-

quots of eluate were collected. Fractions rich in MYP
were pooled, concentrated threefold using Molcut LGC
(Millipore Corp., USA), and applied to a HiLoad 16/

60 Superdex 200 column (Pharmacia) equilibrated with

10 mA/ Tris-HCl buffer containing 150 mAf NaCl (pH

8.0). Proteins were eluted with the same buffer at a flow

rate of 1 ml • min '. and fractions of 2 ml were collected.

A gel filtration calibration kit (Pharmacia) was used to

estimate molecular weight.

Electroplioresis

Sodium dodecylsulfate-polyacrylamide gel electropho-

resis (SDS-PAGE) was performed using 5% slab gel ac-

cording to Laemmli ( 1970). Protein bands were visualized

with Coomassie brilliant blue R-250. SDS-PAGE stan-

dards (Bio-Rad Laboratories, USA) were electrophoresed

for molecular weight calibration. Precast gels (NPU-5L;

Atto Corp., Japan) were used for Figures 1 and 5. These

gels showed double bands in the low molecular weight

end. whereas the gels prepared in our laboratory showed

a single band there (Fig. 4). However. Atto Corp. assures

us that there is no difference between these gels in com-

parisons of the middle to high molecular weight ranges.

Preparation of antiserum

The peak fraction from the Superdex 200 gel filtration

was electrophoresed on SDS-PAGE under nonreducing

conditions. A gel slice containing the 270-kDa band was

excised. The protein was eluted from the gel by an Electro

Eluter (Bio-Rad), mixed with an equal volume of

Freund"s complete adjuvant, and then injected subcutane-

ously into the back of a rabbit once a week. After 4

injections, blood was collected from an ear vein. The

blood was centrifuged at 1500 X g for 20 min, and the

supernatant was collected as antiserum (anti-MYP).

Inununolylotting

Gonads were homogenized with 20-fold TBS and cen-

trifuged at 25,000 X g for 20 min at 4°C. Supernatants

were used as the gonadal extracts.

To detect the protein reactive with anti-MYP. coelomic

fluids and the gonadal extracts were immunoblotted ac-

cording to Towbin et al. (1979). Proteins separated by

5% SDS-PAGE were electrophoretically transferred onto

a polyvinylidene difluoride (PVDF) membrane. The

membrane was immunostained using anti-MYP and POD
Immunostain Set (Wako Pure Chemical Industries, Ltd.,

Japan).

Innuiinoliistocliemistry

To visualize MYP reactivity in the gonads, immunohis-

tochemistry was performed on paraffin-embedded gonads

sectioned at 6 p.m. After the paraffin was removed, sec-

tions were incubated with anti-MYP ( 1 :2000 dilution) and

then treated with Histofine SAB-PO Kit (Nichirei, Japan)

as described in the manufacturer's instructions. Normal

rabbit serum was substituted for anti-MYP to confirm the

specificity of the immunohistochemical staining.

Results

Purification of MYP

SDS-PAGE analysis under reducing conditions showed

that a 170-kDa protein occuixed abundantly in P. de-

pressus eggs (Fig. la). This protein band was reactive

with periodic acid-Schiff (PAS) reagent (data not shown),

similar to MYP reported for other sea urchin eggs (Har-

rington and Easton. 1982; Ozaki et ai. 1986; Yokota and

Kato, 1988). We concluded that this 170-kDa protein is

the MYP of P. depressiis because of the similarity in
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subjected to gel filtration using Superdex 200 (Fig. 3).

The major peak eluted at 600 kDa gave a homogeneous

270-kDa band on SDS-PAGE under nonreducing condi-

tions (Fig. If). Thus, we concluded that the MYP of P.

depressiis was isolated by a combination of ion exchange

chromatography and gel filtration. Under reducing condi-

tions. MYP gave a major 170-kDa band and four minor

bands of about 100 kDa (Fig. Ic). These minor bands

are probably fragments derived from the intact MYP by

proteolysis.

To raise an antiserum against MYP (anti-MYP), we

electronically eluted the 270-kDa band from an SDS-

PAGE gel run under nonreducing conditions, then immu-

nized a rabbit with the isolated protein (Fig. If).

Figure 1. Five percent SDS-PAGE analysis of Pseudoceniroms de-

pressiis major yolk protein. Lanes a-c are under reducing conditions

(+2ME). and d-f are under nonreducing conditions (-2MEI. (a. d)

Crude extract from unfertilized eggs: total protein = 5 /jg. (b, e) Pooled

fraction from Q Sepharose (Fig. 2); total protein = 1 ^g. (c. f) Pooled

fraction from Superdex 200 (Fig. 3); total protein = 1 ^g.

molecular weight and the PAS reactivity with other MYP.

Under nonreducing conditions, a large quantity of 270-

kDa protein was observed instead of the 170-kDa band

(Fig. Id). This suggests that intact MYP consists of sub-

units.

Egg extract was applied to an ion exchange column

using Q Sepharose (Fig. 2). The major protein peak eluted

at 280 mM NaCl was revealed to be rich in MYP by SDS-

PAGE (Fig. lb. e). After concentration, the fractions were

MYP-related proteins in gonads and coelomic fluids

We used SDS-PAGE and immunoblot analyses to test

the gonads and coelomic fluids of Stage 1 females and

males for the presence of the protein reactive with anti-

MYP. A 170-kDa protein was predominant in both female

and male gonadal extracts under reducing conditions (Fig.

4b. c). These protein bands were immunoreactive with anti-

MYP (Fig. 41. m). On the basis of the molecular weight

and immunoreactivity of the major protein stored in the

immature ovary and testis, we concluded that it is identical

to MYP. Predominant protein bands with a slightly higher

molecular weight (180 kDa) than MYP were detected in

the coelomic fluid of both sexes (Fig. 4d. e). In other sea

urchins investigated, vitellogenin is the most abundant coe-

lomic fluid protein: it has a molecular weight of about

200 kDa and is immunoreactive with the antiserum against

MYP (Han-ington and Easton. 1982: Shyu et al.. 1986;
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Figure 2. Q Sepharose ion exchange chromatography of extract

from unfertilized eggs of Pseiidocentronis depressiis. Fractions marked
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Figure 3. Gel filtration on Superdex 200 of partialy purified major

yolk protein. The pooled fraction obtained by Q Sepharose (Fig. 2) was

applied to Superdex 200. Fractions marked with a bar were pooled.

Thyroglobulin (a; 669 kDa), ferritin (b; 440 kDa). and catalase (c;

232 kDa) were used as standards for molecular weight estimation.
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SDS-PAGE Immunoblotting

abcdefghij kimno
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nekDa-^
97kDa-^

Figure 4. Five percent SDS-PAGE and immunoblotting using anti-MYP of gonadal extracts and coe-

lomic fluids of Stage 1 Pseiidocentronis depressiis. Lanes a-e and Ic-o are under reducing conditions, and

f-j are under nonreducing conditions, (a. f. k) Egg extract; (b, g. I) ovarian extract; (c, h, m) testicular

extract; (d. i. n) female coelomic fluid; (e. j, o) male coelomic fluid. Total protein applied = 10 /zg for egg

extract. 2 /jg for all others.

Cervello et al. 1994). The protein of the predominant bands

of 180 kDa in the coelomic fluids was identified as vitello-

genin on the basis of its reactivity with anti-MYP (Fig. 4n,

o) and the similarity of its molecular weight to that of

vitellogenin in other sea urchins. The protein in the gonads

and coelomic fluids of both sexes appears to exist as a

complex— as does MYP in unfertilized eggs—because in

SDS-PAGE under nonreducing conditions bands occurred

at around 270 kDa (Fig. 4f-j).

Extracts from testes at three maturational stages (Stages

1. 3, and 4) were subjected to SDS-PAGE and immu-

noblotting analyses (Fig. 5). As spermatogenesis pro-

gressed, the quantity of 170-kDa protein reactive with

anti-MYP decreased in the testis. Mature testis (Stage 5)

contained little of this protein (Fig. 5c, f ).

gonads (Fig. 6E. K). In mature gonads (Stage 4), the

gonadal lumina were filled with spermatozoa or ripe ova,

and nutritive phagocytes were recognized only at the pe-

riphery of follicles (Fig. 6C, 1). The protein disappeared

^^
<?^"
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Distribution of MYP in gonads during gametogenesis

Immunolocalization of MYP in the gonads is shown

in Figure 6. The follicular lumina of immature testes and

ovaries (Stage 1) were filled with nutritive phagocytes

(Fig. 6A. G). The protein reactive with anti-MYP was

stored in the nutritive phagocytes of both sexes (Fig. 6D,

J). With the progress of gametogenesis, testes contained

peripheral lines of spermatogonia and spermatocytes, and

ovaries had a row of vitellogenic oocytes. The lumen of

testes later filled with spermatozoa and that of ovaries

with ripe ova (Fig. 6B. H). Spermatogenic cells and oo-

cytes did not react with the anti-MYP, whereas ripe ova

did (Fig. 6E, K). The nutritive phagocytes had degener-

ated but were still reactive with anti-MYP in Stage 3

Figure 5. Five percent SDS-PAGE under reducing conditions and

immunoblotting usmg anti-MYP of testicular extracts of Pseiuio-

centrotus depressiis at three maturational stages, (a, d) Stage 1; (b, e)

Stage 3; (c, f ) Stage 4. Amount of extract applied to each lane = 2 ^I.
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However, it is still unclear what kind of material functions

as a nutrient storage in the testicular nutritive phagocytes.

We propose that the MYP found in the testis functions

as a nutrient for spermatogenesis in P. depressus. In ovip-

arous animals, yolk protein is a nutrient source for em-

bryogenesis and is usually found only in the female (Hara,

1987; Quinitio et al.. 1989, 1990; Suzuki et al, 1992;

Osada et al, 1992). P. depressus is unique in apparently

using a yolk protein as a nutrient for spermatogenesis.

Vitellogenin, a precursor of MYP, is abundant in the

coelomic fluid of both males and females, and its role in

the male sea urchin has been discussed (Harrington and

Easton, 1982; Shyu et al.. 1986). Hamngton and Easton

(1982) postulated that vitellogenin performs an unknown

physiological role required by both sexes, but related to

the hermaphrodism observed in some echinoderms. Shyu

et al. (1986) proposed that vitellogenin functions as an

analog to the serum albumin of vertebrates, as a carrier

protein, or as a store for amino acids. The possibility that

male vitellogenin, like female vitellogenin, is a precursor

of MYP has not been discussed because MYP storage in

the testis had not been demonstrated. In female sea ur-

chins, vitellogenin is incorporated into the nutritive

phagocytes, then transported to the oocytes to be accumu-

lated as MYP (Ozaki et al.. 1986; Harrington and Ozaki,

1986). We suggest that male vitellogenin is a precursor

of MYP in the testis and is incorporated into the testicular

nutritive phagocytes as a nutrient source for spermatogen-

esis. We think that the process until the incorporation into

the gonad is probably the same in both sexes, although

the final site for utilization is different.

MYP of P. depressus has a molecular weight of

170kDa under reducing conditions, but vitellogenin has

a slightly higher molecular weight (180 kDa). The same

is true in S. purpuratus: the molecular weight of vitello-

genin is 1 95 kDa, but that of MYP is 1 80 kDa ( Harrington

and Easton, 1982; Shyu et al.. 1986). Thus, a decrease

in molecular weight from vitellogenins to MYPs seems

to be a common phenomenon in sea urchins. It is probable

that vitellogenin is slightly modified in molecular struc-

ture after its incorporation into the gonads. Shyu et al.

(1986) presumed that this modification takes place in the

oocytes, but we suggest that it occurs in the nutritive

phagocytes of both sexes immediately after incorporation.

We base our conclusion on the observation that the pro-

tein stored in the nutritive phagocytes is already modified

to 170 kDa and little of the 180 kDa protein is detected

in the gonads.
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Time-lapse photograph showing the opisthobranch
mollusc Aplysia brasiliana swimming. Animals in

the genus Aplysia are normally solitary, but during
the reproductive season they move into breeding
aggregations where they lay eggs and mate. The
eggs are a source of pheromones— both water-
borne and contact— that establish and maintain
the aggregation, attracting other animals to the

area and facilitating reproductive activity. Egg lay-

ing can be induced by injecting atrial gland extract

(a source of peptides related to egg-laying hor-
mone) into the hemocoel. When the extract is used
to induce egg laying, the investigator has control
over the number of animals laying eggs, the vol-

ume of eggs laid, the timing and location of egg
laying, and (to some extent) the purity of the sur-

rounding seawater. For water-borne pheromones,
this means that the investigator can regulate the
amount of pheromone secreted, the timing and co-
ordination of secretion, the number of products in

the seawater that are derived from other organ-
isms, and the amount of degradation that occurs.
This approach was used by Painter et al. (p. 120,
this issue) to isolate and characterize attractin, a
peptide that is attractive to Aplysia and may induce
mating behavior. Attractin is the first peptide pher-
omonal attractant characterized in a mollusc— or
any invertebrate.
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A New Series of Articles

in a New Section of the Journal

This issue of The Biological Bulletin contains the first

article in a series that is titled "Concepts in Imaging

and Microscopy." The series was conceived of, and is

supported by. the Opto-Precision Instruments Association

(OPIA), an association of manufacturers and distributors

of microscopes, imaging hardware and software, and re-

lated peripherals produced primarily for light microscopy.

One of the fundamental aims of the OPIA is to educate

users of those instruments— scientists, students, and tech-

nical staff— about all aspects of imaging through the mi-

croscope. Moreover, because the techniques and applica-

tions of image acquisition, processing, and analysis have

developed so rapidly during the past decade, and are con-

tinuing to develop, the OPIA also aims to make these

advances known to a wide range of users in science and

industry. The series that begins in the following pages is

a means to these ends.

Optical microscopy and image analysis are featured in

two courses offered at the Marine Biological Laboratory,

and these methodologies are also strongly represented in

the Laboratory's research programs. The editors of The

Biological Bulletin (which is published by the MBL) are

therefore pleased to join with the OPIA in disseminating

this important infomiation to the scientific community.

The first article, by Dr. Kenneth R. Castleman, is about

color image processing; we expect succeeding papers to

be equally authoritative, interesting, and useful.

A new section of the journal— "Imaging and Micros-

copy"— also begins with this issue, and we are fortunate

that Dr. Shinya Inoue, an MBL Distinguished Scientist,

will serve as its associate editor. Of course, the OPIA
series will be housed in the new section, and we hope

that scientists who have developed or are using promising

novel methods in imaging and microscopy will also sub-

mit papers for publication in this venue.

Abstracts of articles and papers that appear in the

"Imaging and Microscopy" section will also be pub-

lished electronically with the journal's home page

(www.mbl.edu/BiologicalBulletin/).

— Michael J. Greenberg

Editor-in-Chief
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Abstract. Digital image analysis has long been applied

to monochrome images from the light microscope. Using

these techniques one can locate, measure, identify, and

count the objects of interest in a microscope field of view.

Since microscope images often contain color information

of interest, it is now becoming more common to analyze

the spectral content of images as well. Although most of

the digital imaging techniques developed for mono-
chrome microscopy work well with color images, there

are a few considerations specific to the analysis of multi-

spectral imagery. These include obtaining a properly bal-

anced multicolor digital image, specifying the color com-
ponents of the image, and compensating for imperfect

separation among the color channels.

Introduction

In two-dimensional digital image processing for mi-

croscopy, images are commonly considered to have a

single scalar gray level (brightness or optical density)

that is a function of two spatial coordinates. With color

imaging there are two or more gray levels per pixel, each

corresponding to a different spectral band. When we pro-

cess three spectral bands corresponding to the red. green,

and blue colors to which the human visual system re-

sponds, we call it "'color image processing."" A tri-color

image can be formed by separately sampling three spec-

tral bands over the two spatial coordinates of an optical

image. In this article we focus on tri-color image analysis,

although the generalization to four or more colors is

straightforward.

The legacy of human vision

The retina of the human eye is covered with photore-

ceptor cells that are functionally analogous to the sensor

Received 10 December 1997; accepted 10 February 1998.

E-mail: castleman@persci.com

sites (picture elements, or "pixels") on the CCD chip in

a television camera. These cells absorb light from the

image formed on the retina by the lens and cornea, and

they send nerve impulses to the brain. The photoreceptor

cells are a mixture of two types, rods and cones. While

the more sensitive rods provide night vision, the cones

afford color vision at higher light levels.

The cones occur in three types, each having a different

spectral sensitivity. They divide the visible portion of the

electromagnetic spectrum into the three bands that we
perceive as red, green, and blue (RGB). These, then, are

the three primary colors of human vision. Figure 1 shows

the sensitivity spectra of the three types of cones in the

human visual system (Wald, 1964). Notice the significant

degree of overlap.

Because human vision uses three color channels, the

bulk of the effort in the development of electronic im-

aging hardware has been devoted to tri-color systems.

This is particularly true for television cameras, image

digitizers, display systems, and image printers. As a re-

sult, tri-color equipment is produced in high volume and

is widely available at relatively low cost. Digital image

analysis techniques can be applied to images having any

number of primary color channels, but the tri-color model

is often used, simply because of hardware availability.

We focus here on tri-color imaging to illustrate the most

important points. In practice, however, the nature of the

problem should dictate how many color channels are

used.

Color digital image analysis

A monochrome digital image can be thought of as a

scalar function of two spatial dimensions (x, y). By exten-

sion, a color digital image can be viewed as a scalar

function of three dimensions, two spatial and one spectral

{x, V, X). It is usually more convenient, however, to treat
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sional color space (RGB-space). This is shown by the

color cube in Figure 2.

The point at the origin of RGB-space represents zero

brightness of all the primary colors and is thus the color

black. Full brightness of all three primaries together ap-

pears as white at the comer diagonally opposite the origin

of RGB-space. Three of the comers of the color cube

correspond to the primary colors, red, green, and blue.

The remaining three corners correspond to the secondary

colors, yellow, cyan (blue-green), and magenta (purple).

Equal amounts of all three color components at lesser

brightness produce a shade of gray. The locus of all such

points falls along the "gray line," which is the diagonal

of the color cube connecting the black and white points

(Fig. 2).

HSI format

Another useful specification scheme is called the "HSI
format" (hue, saturation and intensity). It reflects the way
humans perceive color, and it offers advantages for color

image processing as well (Castleman, 1996; Pratt, 1991;

Russ, 1995).

In HSI format the "I" stands for intensity, or bright-

ness. It is, for our purposes, simply the sum of the R, G,

and B gray level values, although different schemes with

unequal weighting of the colors are also used. The inten-

sity value specifies the overall brightness of the pixel,

without regard to its color. One can convert a color image

to monochrome by computing only the intensity at each

point, thereby discarding the color information.

The color information is contained in two parameters

that are called "hue" and "saturation," although other,

equivalent terms are often used. Hue and saturation are

Cyan White

Blue

Yellow

Black Red

Figure 2. RGB color space. Each of the pnmary colors defines one

axis of a three-dimensional coordinate system. Every color plots to a

position in this space.

Figure 3. The color circle. Hue is an angle, and saturation is the

radial variable.

illustrated by the color circle in Figure 3. The hue of a

color refers to which spectral wavelength (color of the

rainbow) it most closely matches, and is expressed as an

angle. Arbitrarily, a hue of 0° is red, 120° is green, and

240° is blue. Hue traverses the colors of the visible spec-

trum as it goes from zero to 240 degrees. Between 240°

and 360° fall the nonspectral (purple) colors that the eye

perceives.

The saturation parameter is the distance of the point

from the origin of the color circle. The "pure" or "satu-

rated" colors fall around the periphery of the circle, and

their saturation values are unity. At the center of the color

circle lie the neutral (gray) shades; that is, those with zero

saturation.

The concept of saturation can be illustrated as follows.

Consider a bucket of bright red paint. The color has a

hue of 0° and a saturation of unity. Mixing in some white

paint makes the red less intense, thereby reducing its

saturation, but without making it darker (i.e.. reducing its

intensity). Pink corresponds to a saturation of 0.5 or so.

As more white is added to the mixture, the red becomes

paler, and the saturation decreases, eventually ap-

proaching zero (white). If. on the other hand, black paint

is mixed with the bright red paint, the intensity of the

color decreases (toward black) but its hue (red) and satu-

ration (1.0) remain constant.

The three color coordinates, taken together, define a

cylindrical color space (Fig. 4). The gray shades fall along

the axis from black at the bottom to white at the top. The

fully bright, fully saturated colors fall on the perimeter

of the top surface of the cylinder.

Many other color coordinate systems are used. Those

established by the Commission Intemationale de FEclair-

age (CIE), an international standards committee for light

and color, are perhaps the most widely used. They are
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Green White

--Red

-- 0°

24(f

Figure 4. Cylindrical color space. Intensity is added as the axial

variable. Every color plots to a position in this space.

based on experimental data from color-matching experi-

ments conducted on human observers.

Color coordinate conversion

Some image processing techniques are intrinsically

more successful when carried out in rectangular RGB-

space, whereas others work best in cylindrical HSI-space.

Thus it is useful to be able to convert color digital images

from RGB to HSl color coordinates and back again.

RGB to HSI conversion

The conversion from RGB to HSI format can be ap-

proached as follows. Recall that the gray line is the diago-

nal of the color cube in RGB-space, and it is the vertical

axis in cylindrical HSI-space. Thus we can begin by rotat-

ing the RGB cube in .v, y. c-space so that its diagonal lies

along the ;-axis, and its R-a\is lies in the x-z plane (Ledley

et al.. 1990; Castleman. 1996). This is given by

"Te'"
G - B]

z = ^[R + G + B] (1)

The latter of these gives the HSI intensity parameter.

We can convert to cylindrical coordinates by defining

polar coordinates in the .v-y plane. Then we normalize the

radial variable so that the fully saturated colors (those

having no more than two of the primary colors present)

fall on a unit-radius circle in the x-y plane. This leads to

the formula for saturation

V35=1 min (/?, G. 5)

We compute the angle

'/,[(/? - G) + {R - B)]
= cos

and the hue is

H

V(/? - G)- + (R - B)(G - B)

f). G > B

2tt - e. G s B

(2)

(3)

(4)

Notice that black {i.e.. [R. G. B] = [0. 0. 0]) creates a

problem for Eq. (3). We can assign black to [H, S, f] =

[0, 0. 0].

HSI to RGB conversion

The formulas for converting from HSI to RGB coordi-

nates take on slightly different form for different sectors

of the color circle (Castleman, 1996). For0° < // < 120°,

-5
/

I -I-

S cos (//)

cos (60° - H)

while for 120°

G = Si - R - B

H < 240°,

(5)

f3
1 +

R

B

and for 240° =

B

(1

- Si - R

H < 360°

5 cos (H - 120°)

cos (180° - H)

S)

- G (6)

f3
I +

S cos (H 240°)

cos (300° - H)

R = Si -

S)

B (7)

The RGB cube (Fig. 2) does not map directly into the

color cylinder of Figure 4. Instead, it defines a somewhat

cone-shaped region in HSI-space, with white at the apex.
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Since the entire floor of the color cylinder is the single

color black, some authors prefer to consider the HSI color

space to be biconic.

There are several variations of the HSI conversion for-

mulas (Pratt, 1991 ), but the particular one chosen usually

will not materially affect the result, as long as ( 1 ) intensity

is a weighted average of R, G, and B: (2) hue is an angle;

(3) hue, saturation, and intensity are independent; and (4)

the transformation is accurately invertible.

Multispectral images having more than three primary

colors can also be transformed into corresponding multi-

dimensional color spaces. For example, one can convert

from rectangular to spherical coordinates in a color space

based on four or more primary colors.

Color Compensation

Available stains and fluorophores have different, often

broad absorption and emission spectra, and commonly
used color cameras have broad, overlapping sensitivity

spectra. As a result, one seldom obtains complete isolation

of three types of objects in the three component images.

Figure 5. Three-color, fluorescently labeled bone marrow cells. (A) Color image; (B) red; (C) green;

(D) blue. Notice that all structures appear in each of the R, G. and B images.



COLOR MICROSCOPY 105

Instead, each type of object is visible in all three color-

component images, although at reduced contrast in two

of them (Fig. 5).

We can model the spreading of light among the color

channels as a linear transformation (Castleman, 1993.

1994, 1996). Let the matrix, C, specify how the colors are

spread among the three channels in a three-color fluores-

cence application (example below). Each element r„ is the

proportion of the brightness from Huorophorej that appears

in color channel / of the digitized image. Let x be the 3

by 1 vector, [R. G. B]^. of actual fluorophore brightness

values at a particular pixel, scaled as gray levels that would

be produced by an ideal color image digitizer (one with

neither color spread nor black level offset). Then

y = Cx + b (8)

is the vector of RGB gray levels recorded, at that pixel,

by the image digitizer. While C accounts for the color

spread, the vector b accounts for the black level offset of

the digitizer. That is. /;, is the gray level that corresponds

to black (zero brightness) in channel /. Equation (8) is

easily solved for the true brightness values by

X = C^[y b] (9)

Color spreading can thus be eliminated by first sub-

tracting the black level from each channel, and then pre-

multiplying the resulting RGB gray level vector for each

pixel by the inverse of the color spread matrix.

Color compensation example

Figure 5 shows an RGB image of human bone marrow

cells: the image was digitized with a single-chip CCD
color television camera mounted on a fluorescence micro-

scope. The camera's sensitivity spectra were similar to

those in Figure 1 . The cells were counterstained with

DAPI (4',6-diamidino-2-phenylindole. dihydrochloride).

which fluoresces in the blue. Dividing cells also picked

up the green fluorophore. FITC (fluorescein-5-isothiocya-

nate). which had been conjugated with BrdU (5-bromo-

deoxyuridine). The centromeres of the number 8 chromo-

somes were labeled with Texas red, a red fluorophore,

attached to a DNA probe.

Ideally, the cells would appear in the blue channel, divid-

ing cells would show up in the green channel as well,

and two dots per cell (corresponding to the two number 8

chromosomes) would appear in the red channel. In Figure

5, however, all components appear in all channels because

of overlap among the fluorophore emission spectra and the

sensitivity spectra of the camera's three color channels.

Table I shows the color spread matrix for the system

used to digitize the image in Figure 5. The values in this

matrix were determined experimentally from digitized

images of cells stained with single fluorophores. They

represent the relative contrast of different colored objects

Color spread matrix
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Figure 6. The effect of color compensation. This is the same image as Figure 5 after color compensation

(Eq. (9)) was applied using the color smear matrix shown in Table I. (A) Color image; (B) red: (C) green;

(D) blue. Notice that each of the different structures is isolated to the R. G, or B image.

HSI) color space. The different colored objects in the

image correspond to separate clusters of points in color

space, although the clusters corresponding to different

objects may well overlap.

The hue and saturation of an object are normally dic-

tated by the light-reactive properties of its dye or stain

—

how it absorbs, reflects, or emits light. The intensity,

however, is seriously affected by illumination and view-

ing angle. Uneven illumination, for example, normally

has much more effect on intensity than on the two color

parameters. Thus it may be productive to segment the

image in the hue-saturation plane {i.e., on the color circle)

rather than in three-dimensional color space, thereby ig-

noring intensity altogether.

Object measurement and classification

Once the objects in the image have been identified,

they can usually be measured in one of the color-channel

images. Sometimes two or more color-channel images

can be combined to produce a monochrome image for

analysis. Further, some objects may be present in different
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channels and must be analyzed there. In any event, the

measurement and classification of objects can usually be

conducted with techniques that are commonly applied

to monochrome digital images (Castleman, 1996; Pratt.

1991).

Discussion

The digital analysis of color microscopic images is

becoming more important as new techniques for specimen

preparation emerge. For example, each of the 24 types of

human chromosomes can be painted with a distinct color

by using multicolor fluorescent in shu hybridization (M-

FISH) techniques (Speicher et al.. 1996. Schrock et ai.

1996). As the number of colors increases, and as the

analytical requirements become more stringent, the de-

mands placed on digital image analysis become more

severe.

Fortunately the techniques mentioned here for tri-color

images generalize readily to multispectral digital images

with two. four, or more primary colors. Then the battery

of techniques that have been developed for monochrome

image analysis can be applied to the separate color-com-

ponent images, after they have been balanced, com-

pensated, and perhaps converted to another coordinate

system.
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Celestial mechanics has long been known to affect life

on Earth, but exploration of these influences has been

hampered b\ long temporal scales and complex biological

relations. Here we report on a periodic fluctuation in

tidal exposure driven by the 18.6-y oscillation of the

moon 's orbital inclination, which can change by almost

50% the average time that intertidal organisms are ex-

posed to air. The temperature of nearshore water and the

upper limits to mussels are shown to va/y with the lunar

oscillation. Such variation challenges the value ofecolog-

ical and physiological generalizations based on snapshot

measures, and highlights the value of long-term studies.

Mechanistic interpretations of cyclical variations in pa-

leoclimates have been based, since the late 1800s. on

celestial mechanics, especially the Earth's orbital eccen-

tricity, orbital inclination, and axial tilt. Cycles of 41,000

and 100,000 years have characterized the periodicity of

glaciation and its biological consequences for the past 2.5

million years (1, 2), and the role of such astronomical

factors is a point of debate in the current concern about

the reality and magnitude of anthropogenic forcing of

climate, especially accelerated global warming. Although

consensus has recently been reached that global warming

is a reality (3), its magnitude and short-term consequences

have yet to be fully determined. Warming, however, is

certain to induce a rise in eustatic sea level.

Anthropologists have long recognized the importance

of sea-level changes: e.g., beginning in the late Pleisto-

cene, the Berino land bridge and other human migration
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routes to and along coastal North America have disap-

peared as sea level has risen 120-150 m in the last 14,000

years (4). In contrast, ecologists studying the distribution

and abundance of temperate marine organisms, and espe-

cially the dynamics underlying these patterns, have tended

to ignore such shifts, either because the temporal scale is

daunting, or because the complex of interactions influ-

encing distribution patterns is too incompletely under-

stood to be specified. In this paper we examine the interac-

tion between a short-term (18.6 y) astronomical cycle and

an ecological assemblage (the intertidal community of

wave-swept rocky shores) that is capable of rapid re-

sponse, and offer examples showing that the effects of

celestial inechanics (beyond the obvious ties to tidal cy-

cles and the moon's orbital period) must be identified if

the magnitude of changes in community composition is

to be understood.

The intertidal zone of wave-swept rocky shores has

become a model system for experimentation in commu-

nity ecology. Current ideas about the roles of competition,

predation, succession, and disturbance are based in part

on experiments on assemblages of intertidal organisms

and serve as benchmarks in ecologists' understanding of

how process underlies pattern (5-15).

The ecology of the intertidal zone is closely tied to its

physical environment (16, 17). As the tides rise and fall,

areas on the shore are alternately immersed and exposed.

The concomitant change from marine to tenestrial condi-

tions can place extreme demands on the physiology of

intertidal organisms (which with few exceptions are of

marine descent), and vertical zonation is often distinct

(18). Any shift in the level of the tides is likely to have

substantial consequences for the distribution, abundance,

and interaction of intertidal plants and animals, many of
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150
1930 1940 1950 1960 1970 1980 1990 2000

Year

Figure 1. Variation in lunar orbual incUnat.on (A) and seasonal vanation m the average time for which

mtertldal organisms are exposed to air (B) calculated for a s.te 2' above MLLW at Pacfic Grove. Cahfonua.

The hexes fn (A, enclose the data corresponding to the penods during wh.ch the transect was censused

Ist by Hewatt ,1931-1933 [23, 24, and agatn by Barry .,

''Vr^'ri 0177T36T2 trc Iculat

(Walner E P Nautical Shareware. 32 Barney Hill Rd.. Wayland, Massachusetts 01778-3602) to calculate

he tides' at Pacihc Grove for the period 1 Oct. 1924 through 30 Sep,. 2000. From these data we measured

to the nearest minute, each penod that an organism would be exposed to air dunng daytime hours 0600-

1800 Pacific Standard Time), assuming that the organism was a, a known height on the sW ,

-
to 6

relative to MLLW). The average penod of exposure was then calculated for the winter
,

I Oct. to 31 Mar.)

Ind summer months ,1 Apr. to 30 Sept., of each year. Winter of a particular year was assumed to extend

from 1 Oct. of the previous year to 31 Mar. of the given year.

which are sessile as adults and thus incapable of adjusting

their spatial position to counter the whims of nature. Of

particular importance is the average time of emergence—

the time during which intertidal organisms are exposed to

a desiccating atmosphere, extremes in temperature, hypo-

osmotic stress during heavy rains, or other terrestrial in-

sults. Time of aerial exposure is controlled primarily by

two factors: the vertical level of the organism on the shore

(a factor under biological control) and the fluctuation of

the tides (a matter of physics).

The level of the tides is governed by the action of

gravitational attractions and centripetal accelerations act-

ing on the water in the ocean, and may be modified by

the topography of the local ocean basin, barometric pres-

sure, and winds. Of particular interest here is a fluctuation

in the angle between the plane of the moon's orbit and
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the plane of the earth's equator (the lunar inclination),

a factor that affects both the overall amplitude and the

inequality of tides. The greater the inclination of the

moon's orbit, the greater the difference in height between

the high high and the low low tide in a given tidal cycle,

and the less the difference between the low high tide and

the high low tide. Variation in these tidal heights can in

turn affect the period of emersion faced by an intertidal

organism, the effect varying with the vertical height of

the organism on the shore. The inclination of the moon's

orbit varies from about 1
8° to 29°. with a period of 1 8.613

years ( 19. Fig. 1 A). What are the effects of this fluctuation

in inclination on the expected time of aerial e.\posure.

and what are the consequences for benthic organisms?

Effects on aerial exposure

Fortunately, accurate methods for predicting the astro-

nomical tides have been known for more than a century

(20), and have recently been implemented for personal

computers. We calculated the tidal height at a typical

site on the west coast of North America (Pacific Grove.

Cahfomia, USA. 121° 53.3' W, 36° 36.3' N) at hourly

intervals (Fig. IB). The average duration of daytime

emergence at Pacific Grove varies substantially de-

pending on the inclination of the moon's orbit. In the

example shown (shoreline height = -1-2' above mean
lower low water. MLLW). the average period of summer-

time emersion is 30 minutes longer at the maximum of

an exposure cycle (I84min) than at the minimum of a

cycle (154min). a lOVc increase in average emergence

time relative to the minimum. A similar difference (22%)

is found for wintertime exposures.

At Pacific Grove the tidal range is typically - 1

' to

-1-6' relative to MLLW, and the periodic fluctuation in

exposure time is apparent for all heights on the shore

between and 4 feet. Outside this range, the pattern is

obscured by the large variance in exposure times. The

variation in relative time of exposure is greatest at 0'

above MLLW (48.6% in summer, 31.1% in winter) and

is least at 3' (17.6% in summer, 10.5% in winter, see

Table I). Note that the absolute time of exposure is low

for organisms low on the shore, so that a large increase

in relative exposure time does not necessarily imply a

large increase in absolute exposure time (Table I).

The major period of the fluctuation in exposure time

is the same as the period of oscillation in the inclination

of the moon's orbit, but the fluctuation in exposure is out

of phase with the moon's inclination. For example, in the

period 1925-2000. predicted peaks in average summer-

time period of emergence at 2' above MLLW occur I-

5 years before the peak in the inclination of the moon's

orbit, and peaks in the wintertime period of emergence

occur I -4 years after the peak inclination. Fourier analy-

sis of the time series of average periods of emergence

show that exposure time is shifted on average 2.5 years

ahead of the fluctuation in lunar inclination in the summer
and 2. 1 years back in the winter. The phase shift between

the cycles of exposure and lunar inclination varies with

height on the shore (Table I).

Consequences for benthic organisms

Evidence of the effects of this variation in exposure

times has been found from three sources: variation in

sea-surface temperatures, variation in the upper limit to

mussel beds, and the coincidence of catastrophic freezes

with years of maximal exposure.

Sea-suiface temperature. Shoreline water temperatures

at Hopkins Marine Station (Pacific Grove. CA) have been

measured daily since 1919. A linear increase through time

in both the minimum and maximum temperatures has

Table I

Summary data for averui;t' period of daytime cmcri;ciHC cir Pucife (irovc. Calitoniui
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been noted (21, 22), but there are considerable fluctua-

tions around this trend (Fig. 2A). These temperature

anomalies have a period that is indistinguishable from

18.6 years (Fig. 2B). Temperatures are high when the

lunar inclination is small (that is. when tidal fluctuations

are small) and low when lunar inclination is large (see

Fig. lA). The cause of this effect is unknown, although

we speculate that reduced tidal flushing (corresponding

to small lunar inclinations) in the shallows surrounding

the site of temperature measurement could allow resident

surface water to be heated by solar radiation. Crosscorre-

lation analysis indicates that the maximum temperature

anomaly occurs approximately 1 y after the minimum lu-

nar inclination.

The 18.6-y cycle of lunar inclination (and the associ-

ated cycle in water temperature) may confound the inter-

pretation of long-term trends. For example. Barry et al.

(22) compared the species composition in 1993-1994

along an intertidal transect at Hopkins Marine Station to

the composition along the same transect in 1931-1933

as recorded by Hewatt (23, 24). They noted substantial

shifts in the relative frequencies of several species, in

particular an increase in species commonly found to the

south of Pacific Grove and a decrease in species com-

monly found to the north. They suggest that the long-

term trend toward increasing water temperatures may

have played a role in the change in species composition.

Note, however, that the 1993-1994 measurements were

conducted at a time of small lunar inclination (3-4 y

before minimum), perhaps contributing to higher than

average nearshore temperatures, whereas Hewatt' s mea-

surements were conducted in a time of high lunar inclina-

tion (bracketing the maximum. Fig. lA) and lower than

average temperatures. Therefore, what appears to be a

long-term (at least 62-y) trend in species composition

may be in part the result of sampling the community

at different phases of the 18.6-y tidal fluctuation. This

phenomenon (known as aliasing) is a common problem

in signal analysis (25).

Upper limits To mussel beds. Beginning in September

1971, the upper limit to the mussel (Mytiliis califor-

niamis) bed has been measured twice yearly at Tatoosh

Island. Washington state (48° 24' N, 124° 40' W; Fig.

3A). The fluctuations in this boundary vary in synchrony

with the predicted variation in aerial exposure: the bed

extends higher on the shore when the predicted exposure

time is less and retreats when the exposure is increased

(Fig. 3B). Although the relatively short time series of

boundary fluctuations does not allow for a precise mea-

surement of the periodicity of the boundary's rise and

fall, the apparent period of oscillation is consistent with

that expected from the oscillation in lunar inclination

(Fig. 3C).

Catastrophic freezes. The longer a sessile intertidal or-

ganism is exposed to air, the more likely it is to encounter

chance extremes in terrestrial conditions. For example,

intertidal organisms are more likely to freeze (a chance

occurrence depending on the weather) in years of maxi-

mal exposure. In the past 47 years, four examples of

catastrophic freezing have been noted in the mussel-bed

community in the Pacific Northwest of the USA (1950,

1964, 1969, 1989). With the exception of the 1964 freeze,

each of these events occurred near a peak of lunar inclina-

tion, and therefore near a peak of intertidal exposure.

Conversely, a severe freeze in 1978 (during a minimum in

lunar inclination) exterminated Winter Wrens on Tatoosh

Island (26) but did not affect the upper boundary of mus-

sels. The apparent synchronicity between catastrophic

freezes and the cycle of lunar inclination may be an exam-

ple of a phenomenon known as stochastic resonance (27).

In a system exhibiting stochastic resonance, a large re-

sponse is elicited whenever a periodic input signal crosses

Figure 3. (A ) Fluctuations in the upper boundary of the mussel bed (open circles); vertical bars are the

SEM among the 1 1 locations. The solid line is a 5-y running average, plotted to accentuate the long-term

fluctuation in the boundary. (This running average is not used in calculations of penodicity.) (B) Predicted

vanation in the aenal exposure of a site 6' above MLLW. (C) The power spectrum (solid line with SEM)

of the boundary fluctuations shown in (A); the dashed line is the corresponding spectrum of a pure sine

wave with a penod of 18.6 y. The upper boundary of the mussel bed on Tatoosh Island was measured to

the nearest centimeter twice yearly (Apr. and Sept.) at 1 1 locations at the site of previous studies on intertidal

zonation (29). Data from Sept. I97I to Sept. 1988 (17 years. 35 measurements) were averaged for each

location, and the mean was subtracted from each individual value. The normalized power spectrum of each

of these 1 1 time series was then calculated (by a method similar to that explained in the caption to Figure

2) and averaged across locations. Boundary data subsequem to Sept. 1988 were not included because a

severe freeze in Feb. 1989 devastated the high intertidal mussels, lowering the upper boundary by as much

as 2.6 m (8 'A'). Since the freeze, the bed has been steadily extending up the shore. The ability of our spectral

analysis to detect an 18.6-y penodicity from 17 years of data was tested by calculating the normalized

power spectral density for a pure sine wave with a period of 18.6 y (sampled twice yeariy). but using only

the first 17 years of the wave. Precise location of the low-frequency spectral peak would require a time

series more than double the length available.
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a threshold. In the absence of random noise, small input

signals may never cross the threshold, and no response

will result. In the presence of sufficient noise, however,

the combination of a small signal and noise may cross

the threshold, causing a response, and the periodicity of

these responses will, on average, be the same as that of

the underlying signal. It appears possible that the drastic

response of mussels to low temperature (death by freez-

ing) results in a stochastic resonance between the mussel

bed community and the 18.6-y oscillation in exposure

time, the coupling being enhanced by the random

"noise" of the weather.

Conclusions and caveats

Our ability to detect apparent environmental and ecologi-

cal signatures of the 18.6-y oscillation in lunar inclination

suggests that intertidal communities may indeed be sensi-

tive indicators of long-term environmental fluctuations. TTie

data discussed here indicate that this lunar cycle can affect

nearshore water temperature, which may, in turn, have sig-

nificant implications for the growth of spores and larvae,

their duration in the plankton, and possibly even post-larval

performance. We have shown that the lunar cycle can in-

fluence upper distributional limits, and lower limits could be

influenced as well if exposure time detennined the foraging

limits and effectiveness of mobile consumers. Shifts in ae-

rial exposure due to the lunar cycle will affect how strin-

gently the physiology of intertidal organisms {e.g.. their

thermal and osmotic tolerance) is stressed by the environ-

ment. In these respects, the effects of the 18.6-y cycle in

lunar inclination mimic the effects expected to accompany

global warming and its associated change in sea level. The

intertidal zone may thus serve as a convenient, fast-response

system in which to test our ability to predict the ecological

consequences of global change. In particular, the ability

to account for the influences of predictable environmental

phenomena (in this case, the tides, including the effects of

the oscillation in lunar inclination) should enhance interyear

comparisons within this biologically noisy system, and

therefore simplify the identification of anthropogenic

changes.

The tidal phenomena reported here are calculated for

sites with typical, mixed semidiurnal tides. The complex-

ity of tidal physics is such that it may be dangerous to

extrapolate from these results to estimate the effects in

other tidal regimes, and the time series of sea-level fluc-

tuations should be calculated directly for each site of

interest. Note too that only indirect evidence is cited here

for the effect of the cycle of lunar inclination on intertidal

biology. We hope, however, that this evidence will stimu-

late others both to search past records for direct evidence

of tidal effects and to cany out long-term experiments in

the future.

Acknowledgments

Support for this research was provided by the U.S.

National Science Foundation (M. W. D. & R. T. P.) and

the Mellon Foundation (R. T. P.). We gratefully acknowl-

edge the Makah Tribal Council for granting access to

Tatoosh Island.

Literature Cited

1 Muller, R. A., and C.J. MacDonald. 1997. Glacial cycles and

astronomical forcing. Scitiuc 111: 21,"1-2 18.

2. Muller, R. A., and C.J. MacDonald. 1997. Spectrum of 100-

kyr glacial cycle: orbital inclination not eccentricity. Proc. Natl.

Acad. Sci. U.S.A. 94: 8329-8334.

3. Houghton, J. T., et ai, eds. 1996. Cliimile Change 1995: The

Science of Climate Change. Cambridge University Press. Cam-

bridge, UK.

4 .losenhans, H., D. Fedje, R. Pienitz,andJ. Southon. 1997. Early

humans and rapidly changing holocene sea levels in the Queen

Charlotte Islands— Hecate Strait, British Columbia, Canada. Sci-

ence 111: 71-74.

,'i. Connell, J. H. 1961. The influence of interspecific competition

and other factors on the distribution of the barnacle Chthamalus

.ilellatus. Ecohgy 42: 710-723.

6. Connell, J. H. 1972. Community interactions on marine rocky

intertidal shores. Annii. Rev. Ecol. Sysl. 3: 169-192.

7. Connell, J. H. 1978. Diversity in tropical rain forests and coral

reefs. Science 199: I.M)2-1310.

8. Dayton, P. K. 1971. Competition, disturbance, and community

organization: the provision and subsequent utilization of space in a

rocky intertidal community. Ecol. Monogr. 41: 351-389.

9. Paine, R. T. 1966. Food web complexity and species diversity.

.\m. Nat. 100: 65-75.

10. Paine, R. T. 1974. Intertidal community structure: experimental

studies of the relationship between a dominant competitor and its

principal predator. Oecologia 15: 93-120.

1 1. Menge, B. 1976. Organization of the New England rocky inter-

tidal community: role of predation. competition, and environmental

heterogeneity. Ecol. Monogr. 46: 355-393.

1 2. Lubchcnco, J. 1978. Plant diversity in a marine intertidal commu-

nity: importance of herbivore food preference and algal competitive

abilities. Am. Nat. 112: 23-39.

13. Sousa, W. P. 1979. Disturbance in marine intertidal boulder

fields: the nonequMibnum maintenance of species diversity. Ecology

60: 1225-1239.

14. Paine, R. T., and R. L. Vadas. 1969. The effects of grazing by

sea urchins, Slrongylocentrotiis spp.. on henthic algal populations.

Limnol. Oceanogr. 14: 710-719.

15. Paine, R. T., and S. A. Levin. 1981. Intertidal landscapes and

the dynamics of pattern. Ecol. Monogr. 51: 145-178.

16. Lewis, J. R. 1964. The Ecology of Rocky Shores. The English

Universities Press, London.

1 7. Newell, R. C. 1979. Biology of Intertidal Organi.\in.',. Marine Eco-

logical Surveys, Faversham, UK.

18. Stephenson, T. A., and A. Stephenson. 1972. Life Between Tide

Marks on Rocky Shores. Freeman. San Francisco.

19. Schureman, P. 1941. A Manual of the Harmonic Analysis and

Prediction of Tides. Special Publ. 98. U.S. Dept. of Commerce,

Washington. DC.

20. Darwin. G. H. 1898. The Tides. Reprinted 1962. Freeman, San

Francisco.



EFFECTS OF LUNAR INCLINATION 115

21. Gaines, S. D., and M. W. Denny. 1993. The largest, smallest,

highest, lowest, longest, and shortest: extremes in ecology. Ecology

74: 1677-1692.

22 Barry, J. P., C. H. Baxter, R. D. Sagarin, and S. E. Gilman.

1995. Climate-related long-term faunal changes in a California

intertidal community. Science 267: 672-675.

23. Hewatt, W. G. 1934. Ecological studies on selected marine inter-

tidal communities of Monterey Bay. PhD thesis, Stanford Univer-

sity, 150 pp.

24. Hewatt, W. G. 1937. Ecological studies on selected marine in-

tertidal communities of Monterey Bay. Am. Midi. Nail. 18: 161-

206.

25. Bendat, J. S., and A. G. Piersol. 1986. Random Data: Analysis

and Measurement Procedures. 2nd ed. Wiley and Sons, New
York.

26. Paine, R. T. 1985. Reestablishment of an insular Winter Wren

population following a severe freeze. Condor 87: 558-559.

27. Wiesenfeld, K., and F. Moss. 1995. Stochastic resonance and

the benefits of noise: froin ice ages to crayfish and SQUIDS. Nature

373: 33-36.

28. Press, W. H., S. A. Teukolsky, W. T. Vetterling, and B. P. Flan-

nery. 1992. Numerical Recipes in FORTRAN. 2nd ed. Cambridge

University Press, Cambridge, UK.

29. Paine, R. T. 1974. Intertidal community structure: experimental

studies of the relationship between a dominant competitor and its

principal predator. Oecologia 15: 93-120.



Reference: Biol. Bull. 194: 116-119. (April. 1998)

Vestimentiferan on a Whale Fall

ROBERT A. FELDMAN' *t. TIMOTHY M. SHANK'. MICHAEL B. BLACK',
AMY R. BACO-. CRAIG R. SMITHS AND ROBERT C. VRIJENHOEK'

' Center for Theoretical and Applied Genetics. Institute of Marine and Coastal Sciences,

Cook College. Rutgers University. New Brunswick. New Jersey 08903-0231, and

'Biological Oceanography. Department of Oceanography. School of Ocean and Earth Science and

Technology. Unirersit}' of Hawaii. 1000 Pope Road. Honolulu. Hawaii 96822

Discovery of chemosynthetic communities associated

with whale bones led to the hypothesis that whale falls

may serve as stepping-stonesforfaunal dispersal between

disjunct hxdrothermal vents and cold seeps on the ocean

floor (1). The initial obsenation wasfollowed by a faunal

inventory that revealed a diverse assemblage of microbes

and invertebrates, supported by chemoautotrophic pro-

duction, living in close proximity to whale remains (2.

3). To date, the conspicuous absence from whale falls of

vestimentiferan tuheworms ia predominant constituent of

eastern Pacific vent and seep habitats) has been a major

objection to the stepping-stone hypothesis (4-5). We re-

port the first evidence of a vestimentiferan tubeworm as-

sociated with a whale fall (Fig. 1 ). The tubeworm, Es-

carpia spicata. was identified by morphological criteria

and DNA sequence data from a portion of the mitochon-

drial cytochrome oxidase C subunit I (COI) gene. Addi-

tionally, the bacterial endosymbiont in the tubeworm pos-

sessed a 16S rRNA gene that was similar to that ofendo-

symbionts from vestimentiferans in sedimented cold-seep

environments.

A chemosynthetic community associated with whale

bones in the Santa Catahna Basin (SCB) off southern

CaHfomia (depth 1240 m, 33°12'N, 118°30'W) is the site

of ongoing ecological studies (1,2). We revisited the SCB
site in May 1995 with the U.S. Navy's advanced tethered

vehicle (ATV dive #118) and found a persistent commu-

nity composed of filamentous sulfur bacteria (Beggiatoa
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sp.), vesicomyid clams (Vesicomya/Calyptogena spp.),

mytilids {Idas sp.), limpets (Pyropelta spp., Coccidina

sp.), snails (Mitrella sp.), and polynoid polychaetes (Ba-

thykurila sp.). We also recovered a single vestimentiferan

tubeworm growing near the squamosal bone of the whale

skeleton (Fig. 1). The tubeworm was collected and pre-

served in 95% ethanol once aboard the support ship. The

worm was initially identified as Escarpia spicata on the

basis of diagnostic morphological features (6), most nota-

bly the central, slightly curved spikelike structure on the

obturacular face.

DNA sequence information from a mitochondrial

gene verified the identity of the SCB specimen. A 639-

bp portion of the COI gene from the SCB vestimentif-

eran was identical to that of an Escarpia spicata indiv id-

ual sampled from cold seeps (Transform Fault) in the

Gulf of California (Table I). The COI sequence of the

SCB specimen differed by 0.32% from those of Escarpia

spicata from hydrothermal vents (Guaymas Basin) in

the Gulf of California (Table I). COI sequence differ-

ences less than 0.4% are consistent with intraspecific

levels of divergence in vestimentiferans (7). Intergeneric

COI sequence divergence in the Vestimentifera ranges

from 8.5%-21.3% (7).

The bacterial endosymbiont from the SCB E. spicata

was phylogenetically compared to other endosymbionts

as part of a separate study (8). Sequence information from

a 1361-bp region of the 16S rRNA gene (Genbank acces-

sion number U77842) revealed that the endosymbiont is

a member of the gamma subdivision of the Proteobacteria.

The SCB endosymbiont was closely related (1.45% se-

quence divergence) to endosymbionts found in vestimen-

tiferans that live in sedimented seep localities; its relation-

ship to endosymbionts from vestimentiferans found in

116
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Figure 1. Skull bones of an IS-ni baleanopterid skeleton, and associated chemoautotrophic community,

(a) A broad view of the skull region with the first recorded adult vestimentiferan (arrow) at a whale fall

(for scale, the squamo.sal bone in the right foreground is 80-cm long). The vestimentiferan plume (left) and

posterior end of the tube (nghl) are visible in the magnified image (b). This individual was morphologically

and genetically identified as Escarpia spicata. With the exception of Lamellibrachia cotumna. supplied by

C. Cary (Univ. of Delaware), the specimens examined in this study were collected during oceanic cruises

by one or more of the authors. DNA was extracted using the hexadecyl-trimethyl-ammonium bromide

(CTAB) technique, modified from Doyle and Dickson (12). For the amplification of the mitochondrial COI

gene; LCOI490: 5'-GGTCAACAAATCATAAAGATATTGG-3' and HC02I98: .V-ACTAAAAAACCA-
GTGGGACTTCAAAT-3' primers were used in standard conditions ( 13). To amplify symbiont and sequence

the 16S rDNA, we used the universal bactenal pnmers 27F and I492R (14); 27F: 5'-AGAGTTTGATCM-
TGGCTCAG-3', and I492R: 5'-TACGGYTACCTTGTTACGACTT-3' and a suite of internal pnmers (8).

PCR products were purified and quantified on a video imaging .system (Fotodyne Inc.), 100 ng of pure

DNA was used as template for ABI Prism DNA sequencing reactions. The sequenced fragments were

electrophoretically separated and detected using a Perkin Elmer ABI 373A DNA sequencer.
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Table I

Percent genetic distances between the Escarpia spicata individual from llie Santa Catalina Basin whale fall cnid related yestimemiferans far a

639-bp portion of the mitochondrial COI gene

Collectiiin Site'

Species

Substrate, Depth

Location Lat Long Community Type (m) Ref

Genetic Distance Matiix"

1 4

E. spicata
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Abstract. Although animals in the genus Aplysia are

solitary during most of the year, they form breeding ag-

gregations during the reproductive season. The aggrega-

tions contain both mating and egg-laying animals and are

associated with masses of egg cordons. The egg cordons

are a source of pheromones that establish and maintain

the aggregation, but none of the pheromonal factors have

been chemically characterized. In these studies, speci-

mens of Aplysia were induced to lay eggs, the egg cordons

collected and eluted, and the eluates fractionated by CI

8

reversed-phase HPLC. Four peak fractions were bioas-

sayed in a T-maze. All four increased the number of

animals attracted to a nonlaying conspecific and were thus

subjected to compositional and microsequence analysis.

Each contained the same NHo -terminal peptide sequence.

The full-length peptide ("attractin") was isolated from

the albumen gland, a large exocrine organ that packages

the eggs into a cordon. The complete 58-residue sequence

was obtained, and it matched that predicted by an albumen

gland cDNA. Mass spectrometry showed that attractin is

21 wt. % carbohydrate as the result of jV-linked glycosyla-

tion. T-maze bioassays confirmed that the full-length pep-

tide is attractive. Attractin is the first water-borne peptide
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pheromone characterized in molluscs, and the first in in-

vertebrates.

Introduction

Pheromones play an important role in coordinating

male and female reproductive behavior in many aquatic

species, but relatively little is known about the identity

of the water-borne factors or their specific activities. This

is particularly true of water-borne peptide pheromones,

which are difficult to isolate and characterize. The diffi-

culties arise from the biological and chemical characteris-

tics of the pheromonal system: (1) the small number of

organisms that secrete the pheromone at any time; (2)

the specific, but usually unknown, stimulus that induces

pheromone secretion; (3) the relatively small amount of

pheromone secreted; (4) the large volume of water into

which secretion occurs— water that has contacted a vari-

ety of organisms and their products; and (5) the strong

possibility that the pheromone may be rapidly degraded

(Shimuzu, 1985).

Information generated over the last 30 years about re-

productive activity in the marine opisthobranch mollusc

Aplysia has lessened our concern about some of these

problems— at least in this system. Field studies (Kupfer-

mann and Carew, 1974; Audesirk, 1979; Susswein et ai.

1983, 1984) have shown that Aplysia is a solitary animal

that moves into breeding aggregations during the summer

reproductive season. The aggregations typically contain

both mating and egg-laying animals and are associated

with masses of recently deposited egg cordons. Most of

the egg-laying animals simultaneously mate as females

even though mating does not cause reflex ovulation (Blan-

kenship et ai. 1983), suggesting that egg laying precedes
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mating in the aggregation and that egg laying may release

pheromones that establish and maintain the aggregation.

Similar observations have been made in the laboratory

when animals were not individually caged (Audesirk,

1979; Blankenship et ai, 1983; Susswein et al.. 1983,

1984), and behavioral studies have shown that egg-laying

animals with cordons are more attractive than sexually

mature but nonlaying conspecifics (Aspey and Blan-

kenship, 1976; Jahan-Parwar. 1976; Audesirk. 1977;

Painter et al., 1989). T-maze experiments demonstrate

that at least some of the attractants derive from the egg

cordon and are water-borne: ( 1 ) recent egg layers without

egg cordons are no more attractive than nonlaying conspe-

cifics; (2) recently deposited egg cordons are attractive,

with or without the egg-laying animal, whereas sham cor-

dons are not; and (3) both recently deposited egg cordons

and their eluates increase the attractiveness of nonlaying

conspecifics when placed in the adjacent seawater (Painter

et al., 1991; Painter, 1992). There are also contact phero-

mones on the egg cordon that can induce reproductive

activity (Begnoche et al.. 1996).

Two potential tissue sources of the "'cordon-derived"'

pheromonal attractants have been identified in T-maze

experiments (Painter. 1992. 1993). The first is the albu-

men gland (Fig. 1 ). a large exocrine organ that packages

the eggs into a cordon (Coggeshall, 1972); it is the first

and largest exocrine organ contacted by the eggs. The

second potential tissue of origin is the atrial gland (Fig.

1 ), a smaller exocrine organ that secretes into the oviduct

{Arch etal., 1980; Beard e? a/., 1982; Painter e/ a/., 1985).

The atrial gland is the last exocrine organ to contact the

Winding gl

Mucous gl

Albumen gl

cM-^

Figure 1. Schematic diagram of the reproductive tract of Aplysia

ccilifornica rostral to the ovotestis (which would be at the far right).

The labeled structures are exocrine organs that come in contact with

the egg cordon during deposition. The albumen, mucous, and winding

glands package the eggs into a cordon. The red hemiduct (RHD) is the

functional oviduct that transports the egg cordon to the common genital

aperture (which would be at the far left). The RHD secretes onto the

cordon, but neither the secretory products nor their functions have been

identified. The atrial gland (AT) secretes into the oviduct, but the timing

of secretion is not known. T-maze experiments have identified the albu-

men and atrial glands as potential tissue sources of pheromonal attract-

ants.

ess cordon, but unlike those of the albumen gland, the

timing and general function of its secretion are not known.

The current studies take advantage of two significant

observations: ( 1 ) egg laying can be induced in Aply.siu

by injecting atrial gland extract into the hemocoel (Arch

et ai. 1978); and (2) recently deposited egg cordons are

a source of water-borne pheromonal attractants (Painter

et al., 1991 ). When atrial gland extract is used to induce

egg laying, the number of animals laying eggs, the timing

and synchronization of egg deposition, the general area

where eggs are deposited, and (to some extent) the purity

of the surrounding artificial seawater (ASW) can be con-

trolled. In terms of ""cordon-derived"' pheromones, this

means that it is possible to control the timing of phero-

mone secretion, the amount of pheromone secreted, and

the relative amount of contaminants in the seawater.

Using this approach, we have isolated a peptide phero-

monal attractant from eluates of recently deposited egg

cordons, obtained a partial NH; -terminal sequence, and

used molecular techniques to identify the albumen gland

as the organ of origin. The full-length peptide was isolated

from the gland, and its complete 58 amino acid sequence

was determined and found to match the sequence

predicted from an albumen gland cDNA. N-linked glyco-

sylation was demonstrated by matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry

(MALDI-TOF MS), and attractiveness was verified in the

T-maze assay.

To the best of our knowledge, this is the first water-

borne peptide pheromone to be characterized in molluscs,

and indeed in invertebrates. The only other water-borne

peptide pheromones that have been characterized to date

include a small family of structurally related mating pher-

omones from the ciliated protozoan Euplotes (e.g.. Raffi-

oni et al.. 1988, 1992; Stewart et al.. 1992); several small

families of mating pheromones in different genera ot

yeast (e.g.. Saccharomyces, Stotzler et al.. 1976; Rho-

dospihdiiim. Kamiya et ai. 1978); and a female attractant

from the cloacal gland of male red-bellied newts (Cynops;

Kikuyama et al.. 1995).

Materials, Methods, and Results

Animals

Two species of Aplysia were used in these studies be-

cause each has a unique characteristic that simplifies spe-

cific aspects of the experiments. This approach was feasi-

ble because the pheromonal attractants associated with the

aggregation do not appear to be species-specific; breeding

aggregations sometimes contain more than one species

o^ Aplysia (Kupfermann and Carew, 1974; Achituv and

Susswein, 1985). and the associated egg masses some-

times contain egg cordons from more than one species
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(Achituv and Susswein. 1985). Only sexually mature ani-

mals, as judged by the ability to lay eggs, were used.

Aplysia brasiliaiui (Rang) was selected as the experi-

mental animal for T-maze bioassays because it has lower

levels of chance attraction in the maze than A. caUfomica

(Painter et ciL, 1991). and it can be collected in large

numbers from the south Texas coast during the reproduc-

tive season. The animals (130-390 g) were housed in

individual cages in one of five large aquaria containing

recirculating ASW (Instant Ocean Marine Salt, Longhom
Pet Supply, Houston, Texas). Water temperature was

maintained at 20° ± 2°C; the salinity ranged from 30 to

32 ppt. A 14:10 light:dark cycle was maintained, with the

light period starting at 0600 hours. Animals were fed

dried laver in the late afternoon ( 1 600- 1 800), after exper-

iments had been completed. Egg-laying activity was

checked twice every day (0800-0900, 1600-1800), ac-

tivity recorded, and egg cordons removed.

Specimens of Aplysia caUfomica (Cooper) were ob-

tained from Alacrity Marine Biological Services (Re-

dondo Beach, California) and maintained as described

above, except that the water temperature was 14° ± 2°C.

This species was used as the source of egg cordons for

elutions because it lays eggs less frequently than A. bia-

siliana (Fig. 2A. B). leaving a larger proportion of animals

that can be induced to lay eggs on any day. and the

volume of the egg mass is larger (Fig. 2C. D; also see

Dudek etal.. 1979; Pinskerand Parsons, 1985). A. califor-

nica was also used as the source of albumen glands in

later experiments.

Induction of egg laying, collection of egg cordons,

and elution

Procedures. Egg laying was induced by injecting

0. 1 ml of atrial gland extract (made as described in Painter

et ai. 1991 ) through the foot into the hemocoel. All speci-

mens (250-500 g) of A. caUfomica that had not laid eggs

during the preceding 24 h were injected, the number vary-

ing in each elution, and most began laying within 30-

40 min. One hour following the injection, and at 30-min

intervals thereafter, egg cordons were severed a short dis-

tance from the common genital aperture and removed

from the cage.
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Figure 2. Aplysia caUfomica lay.s eggs less frequently than A. brasiliana. and the egg cordons have a

larger volume. A. B: The daily egg-laying history of A, caUfomica (A) and A. brasiUana (B) over a

2-week period. Ten animals were present in each aquarium; all were known egg layers, and none was used

in any other experiments during this time. Egg laying was checked every morning and egg cordons removed.

Housing conditions differed only in water temperature. A total of 8 cordons were laid by A. caUfomica;

87 cordons were laid by A. brasiliana. C. D: The volumes of 30 cordons laid by A. caUfomica (C) and A.

brasiliaiui (D); each cordon was laid by a different animal. Volume was measured by ASW displacement

in a graduated cylinder. The mean volume of A. caUfomica cordons was 11.1 ml, and the mean volume

of A. brasiliana cordons was 1.5 ml.
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When all of the cordons from a 30-min laying period had

been collected, they were rinsed briefly in fresh ASW that

had not previously contacted animals or egg cordons and

then transfened to a beaker containing 200-300 ml of the

fresh ASW for elution. When the volume of cordons was

large (judged by eye before the rinse), two or three eluting

beakers were used. Each beaker was covered and placed on

a rotary shaker for 30 min. The water was at aquarium

temperature when the eggs were added, and it increased by

r-2°C during the elution period. After the elution. the cor-

dons were carefully removed from each beaker and blotted

to remove excess fluid. Cordon volume was then detennined

by ASW displacement in a graduated cylinder.

Several steps were taken to minimize the amount of

material in the eluate that was not derived from the egg

cordons. First, the ASW used for the rinses and elutions

was made from isotonic salt solutions in glass-distilled

water. This was necessitated by the large volumes of

ASW used (small amounts of contaminants in the ASW
became major components of the concentrated eluate).

Second, the eluting beakers were thoroughly rinsed with

this ASW and then used in two 30-min elutions compara-

ble to those performed on the egg cordons. The first of

these was discarded. The second was processed like the

egg cordon eluates, and was fractionated by C 1 8 reversed-

phase (RP)-high performance liquid chromatography

(HPLC). The resulting proHle was used to identify water-

and glassware-derived factors in the egg cordon eluates.

Third, latex gloves were worn whenever egg cordons,

cordon eluates, or tools that came in contact with either

were handled.

Results. The number of Aplysia injected per elution

ranged from 1 to 54. and egg deposition appeared to be

normal. The injected animals continued to lay eggs for

an extended period of time (4-8 h). and the mean volume

of eggs laid (10.2 ml/animal; range: 9.1-15.2 ml/animal)

was comparable to that of spontaneously laid egg cordons

(11.1 ml/animal: Fig. 2C). The volume of cordons eluted

during each period ranged from 1 to 125 ml. the variation

reflecting the number of animals laying during the period

and the amount of time each utilized for the activity.

The volume provided a crude estimate of the amount of

material and activity contained in each sample. Figure 3

shows the volume of eggs deposited during each interval

of a 5-h deposition. The total volume of eggs collected

for an elution ranged from 152 to 490 ml.

Peptide purification

Procedures. After the cordons were removed, the elu-

ates were filtered through a sterile disposable filter

(0.45 fjm cellulose acetate membrane; Fisher Scientific

Products), acidified to 0.1% trifluoroacetic acid (TFA;

VWR Scientific, reagent grade), and stored for a short

150

fc.
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Figure 4. Representative fractionation of Aplysia egg-cordon elu-

ates by CI8 RP-HPLC. This eluate was from 35 inl of A. califomica

egg cordons; they were laid by 54 animals 180-210 min after injection

with atrial gland extract. The fractions were eluted with a linear gradient

( ) of 0.1% HFBA and acetonitrile containing 0.\% HFBA. Four

peak fractions, CI -C4 (labeled 1 -4), were pooled based on absorbance

at 215 nm, and bioassayed for attraction in the T-maze.

(Painter et al.. 1991). Individual A. brasiliana for each

assay were selected on the basis of four criteria: ( 1 ) the

animal must be sexually mature but not have laid eggs

during the preceding 24 h; (2) the animal must not have

been used in a bioassay during the preceding 24 h; (3)

test animals must not have been exposed previously to

the fraction being tested; and (4) stimulus and test animals

must be housed in the same aquarium. The potential at-

tractants tested consisted of CI, C2, C3, or C4. The

amount of material that could be recovered from 2 ml of

egg cordons was tested; 2 ml is about 20% of the volume

of egg cordons laid by one animal.

The test animal was placed at the base of the maze

5 min after the stimulus animal and potential attractant

were placed in one of the stimulus cages. In most cases,

the test animal moved directly to the top of the maze and

exhibited one of two patterns of behaviors: ( 1 ) it stopped,

moved its head from side to side, then either moved into

one arm or returned to the base of the maze and remained

there; or (2) it swam around in the maze, often visiting

both cages before deciding where to stop. A response was

considered to be positive if the test animal traveled to the

stimulus within 20 min and maintained contact with the

stimulus cage for 5 min, negative if the test animal trav-

eled to the opposite arm and maintained contact with the

cage for 5 min, and no choice if it did neither. Fifteen

experiments were performed for each potential attractant,

and the attractant was alternated between arms in consec-

utive experiments. Statistical significance was assessed

by X' analyses.

Results. To assess directional bias and chance levels

of attraction in the maze, 15 experiments were performed

in which the stimulus consisted of a nonlaying animal

with nothing added to the surrounding ASW. Previous

studies ( Painter et cii . 1 99 1 ) have shown that nonlaying A.

brasiliana individuals are as attractive as empty stimulus

cages. Two animals (13.3%) traveled to the right arm

and remained, three (20%) traveled to the left arm and

remained, and ten (66.7%) did neither. Of the five animals

making a choice, only three went to the stimulus animal,

one of which was in the right arm and two of which were

in the left arm of the maze. These bioassays demonstrate

that there was no directional bias in the maze and establish

chance levels of attraction at 2-3 animals.

The positive control consisted of an extract of the atrial

gland (equivalent to 0.5 gland) placed in the ASW adja-

cent to the stimulus animal. When the extract was present,

a larger number of animals were attracted to the stimulus

( 1 1 animals; 73.3%) and fewer made negative ( 1 animal;

6.7%) and no-choice (3 animals; 20%) responses (Fig.

5). The change in response pattern was statistically sig-

nificant [x'd) = 7.85; 0.01 < P < 0.025].

A similar change in response pattern was observed

when any of the fractions of egg-cordon eluate were

placed in the ASW: more animals were attracted to the

stimulus and fewer failed to make a choice (Fig. 5). The

magnitude of the pattern changes differed among the frac-

tions, with CI producing the largest and most significant

change: 13 of 15 animals (86.7%) were attracted to the

stimulus, 1 animal (6.7%) chose the opposite arm, and 1

animal (6.7%) failed to make a choice. This change was

statistically significant [x"(2) = 12.16; P < 0.005]. Fewer

animals were attracted by the other cordon fractions, and

the resulting changes in response pattern were not statisti-
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Figure 5. Fractions CI -C4 of egg-cordon eluate may contain pher-

omonal attractants. The number of Aplysia brasiliana attracted to a

nonlaying conspecific (SW) was increased when any of the cordon

fractions was placed in the adjacent seawater, and fewer animals failed

to make a choice. The positive control (AT) is an atrial gland extract

equivalent to 0.5 gland. This bar graph is based on 90 single-arm experi-

ments, 15 per stimulus. In each experiment, animals chose between a

stimulus in one arm and no stimulus in the other. The change in response

pattern was statistically significant only for fraction CI and the positive

control.
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cally significant [C2: x'(2) = 3.38, 0.1 < P < 0.25: C3:

x\2) = 4.51, 0.1 < P < 0.25; C4: x'(2) = 5.93, 0.05

< P < 0.1].

All four fractions also induced behaviors that might

have resulted in male mating activity if the animals had

had greater access to each other. These included eversion

of the penis, attempting to enter the stimulus cage, push-

ing the oral veil through holes in the cage, and physically

interacting with the stimulus animal. The number of times

such behaviors occurred differed among the fractions.

with CI producing the largest number (Table I).

Differences in the magnitude of fraction activity could

reflect differences in the amount of peptide recovered

from the cordon eluate (as indicated by differences in

peak area), the potency of the recovered peptides, the

purity of the fractions, or some combination of the three.

Because it was not easy to distinguish among these possi-

bilities, all four fractions were subjected to biochemical

analysis.

Compositional and microsequence analyses

Procedures. Reagents for these analyses were pur-

chased from Perkin-Elmer/Applied Biosystems. Compo-

sitional analyses were performed using an Applied Bio-

systems 420H amino acid analyzer. For microsequence

analyses, samples were applied to a Perkin Elmer/Applied

Biosystems Procise 494/HT protein/peptide sequencer.

The PTH derivatives of the amino acids obtained from

the sequencer were identified and quantified by HPLC
(Nagle et ai, 1986). Some samples were reduced and

alkylated prior to application.

Results. The compositions of the four fractions are

shown in Table II. Partial sequences, consisting of at least

24 residues for each peptide fraction, were obtained and

are summarized in Table III. The sequences are identical

except for length. Each has multiple cysteine residues.

Table I

Potential male sexual behavior in maze assa\

Table II

Ainini) acid composition (rcsiJucs/mol peplii/ej of attract in-related

fractions of egg-cordon eluate and of attractin from albumen gland
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Table III

Sequence and quantity (in picomoles) of amino acid residues, determined by automated sequence analysis, of attractin-related fractions of e

cordon eluate and of attractin from albumin gland
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Table IV

Amino acid sequences o/ Aplysia californica peptides from attractin-relaled fractions of egg-cordon eluate and from attractin

10 20 30 40 50

Att DQNCDIGNITSQCQMQHKNCEDANGCDTIIEECKTSMVERCQNQEFESAAGSTTLGPQ
CI DQN-DIGNITSQ-QMQHKN-EDANG-DTIIEE-KTSMVER-QNQEF
C2 DQNCDIGNITSQCQMQHKNCEDANGC-TIIE
C3 DQNCDIGNITSQCQMQHKNCEDANG-D-I
C4 DQNCDIGNITSQCQMQHKNCEDAN

Attractin (Att) is glycosylated at Asn". Fractions C2. C3, and C4 were reduced and alkylated before analysis; CI was not.

(data not shown). The peak fraction containing full-length

attractin was identified by sequence analysis, and the re-

tention time was used in subsequent studies to identify

full-length attractin in extracts of the albumen gland.

Isolation and characterization of albumen gland

attractin

Procedures. Albumen glands were removed from sexu-

ally mature individuals of A. californica. extracted at 4''C

in 0.1% HFBA using a Polytron homogenizer, and soni-

cated. The extract was centrifuged for 20 min at 48,000

X g (4°C) and the supernatant Sep-Pak purified. The range

of acetonitrile concentrations was narrowed from 0%-
60% to 10% -50% in the Sep-Pak procedure to minimize

the large peaks eluting very early and very late in the

RP-HPLC gradient. The purified sample was fractionated

by RP-HPLC, using the same gradient conditions as the

egg-cordon eluates. The peak of interest was identified

from the retention time of recombinant attractin.

To verify the 46-residue NHi -terminal sequence, ali-

quots of the peak fraction were reduced with 2-mercapto-

ethanol. alkylated with 4-vinylpyridine, and purified by

RP-HPLC with TFA as counterion. The peak of interest

was identified by compositional analysis and subjected to

microsequence analysis. To obtain the COOH-terminal

sequence, samples were digested with sequencing grade

endoproteinase Glu-C (Endo Glu-C; Boehringer-Mann-

heim), and the resulting fragments were purified by RP-

HPLC with TFA as counterion. The COOH-terminal pep-

tide was detected by compositional analysis and subjected

to microsequence analysis.

Results. A representative RP-HPLC elution profile

from extracts of albumen glands from A. californica is

shown in Figure 6A. Fraction 1 coeluted with recombi-

nant attractin. It was reduced, alkylated, and then purified

by RP-HPLC with TFA as counterion (Fig. 6B). Fractions

lA and IB were subjected to microsequence analysis for

55 and 57 residues, respectively; the sequences were iden-

tical (Table III), but incomplete. To determine the COOH-
terminal sequence. Fraction 1 (Fig. 6A) was digested with

Endo Glu-C and the resulting fragments purified by RP-

HPLC (Fig. 6C). The COOH-terminal fragment was iden-

tified by compositional analysis and sequenced. The se-

quence obtained (Table III) was identical to that predicted

for residues 48-58 of attractin by nucleotide sequence

analysis of the attractin cDNA (Fan et al.. 1997).

No major albumen gland peaks coeluted with cordon

eluate fractions C1-C4, suggesting that these fractions

were generated by extracellular degradation of the full-

length peptide. In addition, the recovery of Asn at position

8 was reduced by several hundredfold relative to adjacent

amino acids in the sequence of albumen gland attractin,

but not in fractions CI -C4. This suggests that the peptide

is glycosylated in the cell and that extracellular degrada-

tion removes the carbohydrate.

MALDI-TOF mass spectrometry

Procedures. A'-linked glycosylation was investigated

using MALDI-TOF MS of both the full-length native

attractin and the reduced and alkylated attractin. The ma-

trix employed (2,5-dihydroxybenzoic acid; DHB; ICN

Pharmaceuticals, Costa Mesa, California) readily pro-

duces stable protonated molecular ions of glycopeptides

(Harmon et al.. 1996). Samples were prepared by mixing

a 0.5-/j1 aliquot of ~7 ^M attractin with 0.5 ^1 of 65 mM
aqueous DHB on a metallic sample probe. The probe was

dried at ambient temperature and then inserted into the

mass spectrometer.

MALDI-TOF MS experiments were performed with a

Voyager Elite biospectrometry research station with de-

layed ion extraction (PerSeptive Biosystems, Framing-

ham, Massachusetts). A pulsed nitrogen laser (337 nm)

served as the desorption/ionization source, and positively

charged ions were detected in the reflectron mode using

a 200-ns delay prior to acceleration at 20 kV. The laser

beam was focused at the sample surface with enough

energy to reach the ionization threshold. Each mass spec-

trum shown is the average of —100 laser pulses, with

mass calibration performed externally using the known

[M 4- H]^ and [M + 2Uf^ peaks from MALDI-TOF MS
of bovine insulin (Sigma Chemical Company, St. Louis,

Missouri).
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Figure 6. Representative fractionation of albumen gland extracts by RP-HPLC. (Al The extract was

eluted with a linear gradient of OTTf HFBA and acetonitrile containing 0.1% HFBA. The peak fraction 1

was pooled based on absorbance at 215 nm. (B) Fraction 1 (A) was reduced and alkylated with 4-vinylpyri-

dine. and fractionated with a linear gradient of OT%TFA and acetonitrile containing OT%TFA. Peak

fractions lA and IB were pooled based on absorbance and sequenced. (C) An aliquot of fraction 1 (A)

was digested with Endo Glu-C and the resulting fragments fractionated with a linear gradient of 0.1%TFA
and acetonitrile containing 0.1%TFA. The peak fraction indicated by the solid bar was sequenced and

corresponded to attractin residues 48-58.

Results. As shown in Figure 7, MALDI-TOF MS of

attractin detected singly and doubly charged components.

Examining the singly charged group, inset 7A shows three

major peaks at m/z 8059, 8075. and 8091. To investigate

these three peaks, additional mass spectra were acquired

from attractin that had been in solution at room tempera-

ture for over 3 h. This produced a similar mass spectra

with differences in intensities of the three major peaks

(shown in inset 7B). Several satellite peaks are observed

spaced 162.1 ± 0.3 apart. Furthermore, mass spectra ac-

quired from reduced and alkylated attractin (data not

shown) contained one major peak at m/z 8696. along with

two series of small peaks spaced 162.1 ± 2.3.

T-maze bioassay

Procedures. To verify that attractin is an attractive

component of fractions CI -C4 of the egg-cordon eluate.

the full-length peptide was purified from the albumen

gland as described above, aliquoted into 10-pmol samples,

and bioassayed in the T-maze.

Results. The results are summarized in Figure 8. In

the negative control (nonlaying conspecific with nothing

placed in the adjacent ASW). three animals (20%) trav-

0)
>

0)

[M + H]"" A 8059.^
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within 0.06% of the observed mass, well within the mass

calibration of the instrument.

The major peaks detected at m/z 8057 and 8091 are

consistent with attractin containing one and two oxidized

Met residues, respectively. Non-physiological oxidation

of Met to Met-sulfoxide readily occurs during sample

handling, and MALDl-TOF MS can be used to monitor

this occurrence over time (Zhang and Capriololi, 1996).

As shown in the insets of Figure 7, the intensity of the

peaks corresponding to the presumed oxidized forms in-

creases over time, consistent with oxidation. Moreover,

because two oxidized forms are detected, the presence of

two Met residues within attractin is confirmed.

Mass spectra were also obtained from a sample of full-

length attractin that had been reduced and alkylated with

4-vinylpyridine. Again, one major component was present

in addition to smaller peaks separated by ±hexose units.

Because the mass change associated with the reduction

and alkylation of Cys is 105 Da per residue, we confirm

the presence of six Cys residues, with the calculated

(8689 Da) and determined (8695 Da) M, within 0.06'7f

.

The six Cys residues may form three intramolecular disul-

fide bonds, providing a compact conformation for the

peptide and greater stability. Unfortunately, the mass res-

olution of the instrument is insufficient to confirm this

structure. The question is still under investigation.

Assuming that intramolecular disulfide bonds are

formed, the family of mating pheromones in the ciliate

protozoan Euplotes may serve as a good model for

Aplysia attractin. In the Euplotes family, the pheromones

are slightly shorter than attractin (38-40 amino acids),

but like attractin, each peptide has six cysteine residues.

The cysteines form intramolecular disulfide bonds in the

Euplotes pheromones, forming three stable loops that dif-

fer in both size and charge from one pheromone to another

within the family. The differences are thought to confer

mating-type specificity, whereas the conserved sequences

contribute to the conserved structure and preserve func-

tion (Raffioni et ai. 1988, 1989, 1992).

To examine the possibility that a similar system exists

within attractin, we are now isolating and characterizing

attractin-related peptides from other Aplysia species and

examining their behavioral effects. We are comparing the

peptide from sets of species that have (1) overlapping

ranges and are sometimes seen in (or associated with) the

same aggregations; (2) overlapping ranges and are not

known to associate with the same aggregations; and (3)

ranges that do not overlap. We have isolated an attractin-

related peptide from the A. brasiliana albumen gland and

have obtained a partial 50-residue N-terminal sequence;

it is identical to the A. califoniica sequence at 48 posi-

tions. This peptide probably serves a pheromonal function

in A. brasiliana and accounts, at least in part, for the

observed attraction in the T-maze.
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Relationship to Other Marine Invertebrate Systems
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Abstract. Chemical cues are important in the exoge-

nous and endogenous control of metamorphosis in many

marine invertebrate larvae. In the queen conch, Strombus

gigas Linnaeus, larval metamorphosis is induced by low

molecular weight compounds associated with dominant

species of red algae found in conch nursery grounds; these

species include the foliose rhodophyte Laurencia poitei

(Lamouroux). The responses of conch larvae to the algal-

associated cues are dependent on concentration and length

of exposure, with the initial events of metamorphosis oc-

curring within 10 min of treatment with an aqueous ex-

tract of L. poitei. The free amino acids valine and isoleu-

cine mimic the effects of the natural inducer, and they

may bind to and be recognized by the same sites on the

larvae as the algal cues. Hydrogen peroxide, vanadate,

and -y-aminobutyric acid (GABA), as well as elevated K*
concentrations (i.e.. above ambient seawater levels), also

induce larval metamorphosis. Acetylsalicylic acid de-

creases the responses of conch larvae to the algal-associ-

ated cues and to the free amino acids, but it has no effect

on the induction triggered by hydrogen peroxide. The

chemical induction of metamorphosis in conch larvae

shares many general features with chemoreception in

aquatic invertebrates. The natural inducers of metamor-

phosis, like the cues involved in olfactory responses in

other marine organisms, are of low molecular weight and

water soluble, hi addition, the results of the experiments

with hydrogen peroxide, vanadate, and GABA suggest

that second messenger pathways are involved in conch

metamorphosis.
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Introduction

Queen conch. Strombus gigas. are marine benthic gas-

tropods found in seagrass beds and sand flats throughout

the tropical Atlantic (Randall, 1964; Brownell and Stev-

ely. 1981 ). As juveniles, conch occur primarily in seagrass

beds of medium shoot density and in surrounding sandy

areas where they feed on macrophytes and macrophyte

epibionts (Ray and Davis, 1989; Stoner and Sandt. 1991;

Stoner and Waite. 1991; Wickland f?«/.. 1991; Sandt and

Stoner, 1993; Stoner and Ray, 1993; Ray and Stoner,

1994; Stoner et al., 1994). The mechanisms by which

conch larvae find their nursery grounds and metamor-

phose to juveniles are not well understood, but recent

work has shown that a variety of chemical cues associated

with nursery-ground substrates induce queen conch meta-

morphosis (Davis, 1994; Davis and Stoner, 1994;

Boettcher and Targett, 1996; Stoner et al.. 1996). The

most consistent and effective inducers are of low molecu-

lar weight (less than 1 kDa), stable, water soluble, and

associated with the red algal species Lciurencia poitei

and Fosliella sp. (Boettcher and Targett, 1996). Crude

aqueous extracts of the rhodophytes and a low molecular

weight fraction (less than 1 kDa) of those extracts induce

larval metamorphosis at levels comparable to those in-

duced by the intact algae (Boettcher and Targett, 1996).

These results suggest that chemical cues used by conch

larvae during metamorphosis share many of the character-

istics of those used by adult aquatic invertebrates. Marine

invertebrates are sensitive to compounds of low molecular

size, including the small peptides and amino acids that

in adults serve as important cues in feeding, habitat selec-

tion, and mating, and in larvae as natural inducers of

settlement and metamorphosis (Burke. 1984. 1986; Carr,

1988; Carr et al., 1989; Tegtmeyer and Rittschof, 1989;

132
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Morse, 1990; Rittschof. 1990; Morse, 1992; Leitz et al.,

1994; Zimmer-Faust and Tamburri, 1994).

The effects of chemical cues on metamorphosis are

ideally studied with queen conch larvae. Moreover, sev-

eral research facilities and one commercial facility (Cai-

cos Conch Farm, Turks and Caicos, British West Indies)

are currently involved in the culture of queen conch. By

providing a better understanding of the biology of this

species, detailed studies of metamorphosis in S. gigas

could lead to improvements in the culture of this valuable

mollusc (Heyman et al.. 1989; Boettcher et al.. 1997). In

turn, the commercial culture of queen conch makes large

numbers of larvae available for research.

In this study, the responses of 5. gigas larvae to chemi-

cal cues were further characterized: the concentration de-

pendency and the optimal exposure time to aqueous ex-

tracts of L. poitei were determined; the order of behavioral

and gross morphological changes that occur in conch lar-

vae during metamorphosis were described; and the effects

of low molecular weight compounds (e.g.. amino acids,

ions, and neuroactive compounds) on conch larvae meta-

morphosis were established. The results of these experi-

ments are discussed in terms of models that have been

developed to explain the transduction of cues involved in

invertebrate larval metamorphosis (Burke, 1983; Baloun

and Morse, 1984; Coon et at.. 1985; Baxter and Morse,

1987; Bonar et a!.. 1990; Freeman and Ridgeway, 1990;

Beiras and Widdows, 1995; Clare et al.. 1995).

Materials and Methods

Collection of algae and preparation of extract.^

Specimens of Laurencia poitei were collected off Pine

Cay, Turks and Caicos, British West Indies, and the crude

aqueous extract was prepared as described in Davis

(1994) and Boettcher and Targett (1996). Briefly, the alga

was chopped into small pieces and ground in seawater

(0.6 g alga/ml seawater) with a mortar and pestle. The

sample was centrifuged at low speed in a table-top centri-

fuge for 10 min so that the algal pieces would pellet out

of solution. The supernatant was decanted and used in all

metamorphosis assays.

For amino acid analysis, the algal extract was prepared

in distilled water and fractionated with a 400-ml Amicon

(Amicon Division, W.R. Grace, Danvers, MA) stirred cell

with 76-mm membranes. Amicon Diaflo ultrafiltration

membranes (YMl ) were used to separate the extract into

nominal molecular sizes of less than and greater than

1 kDa (Boettcher and Targett, 1996). The fraction con-

taining molecules smaller than 1 kDa was hydrolyzed in

6 M hydrochloric acid, phenol, and trifluoroacetic acid

and analyzed with a single-column Beckman 6300 auto-

analyzer (Tsugita et al.. 1987). Hereinafter, we refer to

this as the < 1 kDa component of the algal extract.

Metamorphosis assay procedures

All metamorphosis assays were conducted at the Caicos

Conch Farm, Providenciales, Turks and Caicos, British

West Indies, according to the methods described in

Boettcher and Targett (1996). Competent Strombus gigas

larvae ( 19-24 days post-hatch) were provided by the Cai-

cos Conch Farm. Techniques for their culture were as

described in Davis (1994). Metamoiphosis assays were

run as static, no-choice experiments in 500-ml polyethyl-

ene vessels containing either 300 ml of seawater or seawa-

ter to which the appropriate treatment had been added.

Seawater used in all experiments was sterilized with ultra-

violet light and filtered (10/ym). Experiments were con-

ducted at the ambient temperature (28°-29°C) and salin-

ity {ca. 39 ppt), and under natural light conditions (ca.

12 h light: 12 h dark). The pH of the seawater was ad-

justed to between 8 and 8.5 with NaOH when necessary.

For each assay, five replicates per treatment were used

with either 15 or 25 larvae per replicate, depending on

the experiment. Unless otherwise noted, the exposure time

for all treatments was 5 h, after which the larvae were

transferred to a fresh volume of seawater. Percent meta-

morphosis was determined after 24 h, and was calculated

as 100 X (total number of larvae metamorphosed/total

number recovered) (Pearce and Scheibling, 1990). A larva

was considered to have undergone metamorphosis when

it lost its velar lobes and began to use its foot to crawl

(Davis, 1994). Each assay included a positive control (an

aqueous extract of L. poitei [0.01 g wet weight/ml seawa-

ter = 20 fj\ extract/ml seawater]) as a measure of larval

competency and a negative control (seawater only) as a

test for spontaneous metamorphosis.

Mean percentages of metamorphosis among or between

treatments in each experiment were compared with either

a Model 1 ANOVA and Tukey's multiple comparison

test or Student's t test (a = 0.05). Plots of residuals were

examined to assure that the underlying assumptions of

these tests were met. Treatments in which percent meta-

morphosis was equal to zero for all replicates were not

included in the statistical analyses.

Metamorphosis assays with algal extracts

The effects of concentration and duration of treatment

on the metamorphogenic actions of crude aqueous ex-

tracts of L. poitei were tested according to procedures

described above. In the first experiment, larvae were

treated for 5 h with I 1 dilutions of the L. poitei extract,

ranging from 0.8 to 67 ^1 extract/ml seawater. In the sec-

ond experiment, the larvae were exposed to 20 /yl extract/

ml seawater for 0.5, 1 , 2, 3. and 5 h. As in all experiments,

percentages of metamorphosis were determined after

24 h.

In an additional experiment, behavioral and morpho-
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logical changes occuiTing in the larvae in response to the

algal extract were monitored. Larvae treated with 20 ^1

extract/ml seawater were monitored with a compound mi-

croscope every 20 min, from time (/) = to / = 3 h.

Metanutiphosis assays with free omiiio iiclils

The effects of 1 1 free amino acids, all L-isomers (va-

line, leucine, isoleucine. cysteine, glycine, serine, threo-

nine, lysine, arginine. histidine. and glutamic acid), were

tested in assays of larval metamorphosis. Two criteria

were used in choosing the amino acids to be tested: amino

acids with basic, acidic, and neutral side chains were

included, and all. except cysteine, were present in hy-

drolyzed samples of the less than 1 kDa component of

the algal extract. Concentrations of amino acids tested

ranged from 1 pM to 10 niM The free amino acid isoleu-

cine {\0 pM) was also presented in combination with

serine, histidine, and lysine (each at 10 ^M). and in com-

bination with valine (each at 50 fjM).

Metanutiphosis assays with acety'lsalicylic acid

The effects of acetylsalicylic acid (aspirin, 0. 1 -5 mM ),

were examined alone and in combination with the algal

extract (20^1 extract/ml seawater); treatments also in-

cluded acetylsalicylic acid (1 niM) in combination with

isoleucine and valine (each at 100 //M). The effect of

salicylic acid ( 1 mM) on the induction of metamorphosis

by the algal extract was also tested. The responses of the

larvae to7V-acetyl-L-valine and to valine (both at 100 pM)
were compared. In an additional experiment, conch larvae

were first treated with acetylsalicylic acid ( I mM ) in com-
bination with isoleucine (100/yM). valine (lOOpM). or

the extract, then rinsed in filtered seawater. and finally

retreated for 5 h with isoleucine, valine, or extract. As a

further examination of the effects of acetylsalicylic acid,

the acetylsalicylic acid treatment was combined with ex-

posure to 3-i.sobutyl- 1 -methyl xanthine (IBMX). The spe-

cific treatments in this experiment were IBMX (0.1 mM)
or extract alone; IBMX plus acetylsalicylic acid (1 mM);
acetylsalicylic acid plus extract; a combination of IBMX.
acetylsalicylic acid, and the algal extract; and acetylsali-

cylic acid alone.

Metamorphosis assays witli ion manipiilutions and
neiiroactive compounds

The effects on metamorphosis of elevated ion concen-

trations and of neuroactive compounds were examined in

a series of experiments. The concentrations used were

based on tests with other marine invertebrates (Baloun

and Morse. 1984; Yool et al.. 1986; Davis et ai, 1990;

Pires and Hadfield, 1991; Ilan et ai, 1993; Beiras and

Widdows. 1995). Elevated concentrations of K". Ca"^,

Na*. and Mg-* (respectively 20 mM, 60 mM, 60 mM. and

60 mM above ambient seawater levels) were tested indi-

vidually for their ability to induce metamorphosis. Two
additional experiments focused on the concentration de-

pendence of the response to increased K* concentrations

(5-30 mM).
The responses of the larvae to the neuroactive coin-

pounds 3.4-dihydroxyphenylalanine (DOPA. 1-100 /jM).

epinephrine (EP. 1 /jM). y-aminobutyric acid (GABA.
0.1-20 mM). and hydrogen peroxide (50 and 100 /jM)

were then examined. In addition, we tested the effects of

compounds known to block the larval metamorphosis of

other marine invertebrates (4 acetamino-4'isothiostilbene-

2,2'disulfonic acid [SITS, 10 and 50 pM\ and tetraethyl-

ammonium chloride [TEA. 100 and 500 pMJ) for their

effect on metamorphosis induced by algal extract (20 /id

extract/ml seawater). hydrogen peroxide (50 p.M), and el-

evated K* concentrations (20 mM). SITS is an inhibitor

of anion transport, and TEA is a K* channel blocker.

The larval responses to hydrogen peroxide {50 pM)
and to sodium orthovanadate (1 and 2 mM) were also

compared. The effects of bovine catalase (5 ^(g/ml seawa-

ter) and acetylsalicylic acid (1 mM) on metamorphosis

induced by hydrogen peroxide were compared with their

effects on metamorphosis induced by the algal extract

(20 p\ extract/ml seawater).

Results

Metamorphosis assays wit/i al^al extracts

The concentration-function relationship of the response

of conch larvae to the extract appeared to be hyberbolic

(Fig. 1). Concentrations of algal extract lower than 5 pU
ml seawater had no significant effect on conch metamor-

phosis (Fig. 1). At levels greater than 13 p\/m\ seawater,

metamoi-phosis reached a plateau at about 85%. Concen-

trations of five p\ extract/ml seawater and 6.7 /jl/ml sea-

water induced increasing levels of conch metamorphosis

(10% ± 6.0% and 37% ± 12% respectively). These two

responses were significantly different from one another

and from all higher ones.

The response to algal extract (20/jl/ml seawater) in-

creased with duration of exposure (Fig. 2). The responses

to the longest exposures. 3 h (76% ± 14%) and 5 h (91%
± 10%), were not significantly different. Thus, the expo-

sure required to produce the maximal response is between

3 and 5 h.

Within 10 min of exposure to 20 ^J\ extract/ml seawa-

ter, the velar cilia were arrested, and the conch larvae

sank to the bottom of the experimental containers. Al-

though the edges of the velar lobes started to curl, the

lobes remained expanded and the cilia resumed beating
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Figure 1. Percent metamorphosis of queen conch larvae in response

to specific concentrations of Laurencia poitei extract. Points are means

± SD; n = 5.

after the larvae contacted the bottom. After 30 min, all

larvae were on the bottom and their lobes showed in-

creased curling; after 90 min, individual cilia and portions

of the velar lobes began to drop off. Cilia on the isolated

lobes continued to beat for at least 10 min. At 1 10 min,

some of the larvae had completed metamorphosis. At this

time, many still retained remnants of their velar lobes,

but they had begun using the foot to crawl on the bottom

of the containers. By 2 h, more than 50% of the larvae

had undergone complete metamorphosis.

Amino acid composition of the algal extract

Of the 17 amino acids detected in the hydrolyzed

< 1 kDa component of the algal extract, the principal ones

were glutamine/glutamate, glycine, alanine, and aspara-

gine/aspartate (Table I).

Metamorphosis assays with amino acids

Of the 1 1 amino acids tested, only five (serine, histi-

dine, leucine, isoleucine, and valine) induced significant

levels of metamorphosis, and only two (isoleucine and

valine) induced normal metamorphosis that was accompa-

nied by normal behavior, as described above (Table II).

Moreover, valine and isoleucine were present in the hy-

drolyzed extract at 6.6 and 4.2 /xM respectively (Table 1).

At 50 fjM and \00 fjM. the levels of metamorphosis

induced by isoleucine and valine were not significantly

different from those induced by the algal extract, although

at the lower concentration the response to isoleucine was

significantly lower than that to valine. Isoleucine at 1 mM
and lOmM, the two highest concentrations tested, was

again equipotent with the extract and showed no abnormal

effects. At \0 fjM. isoleucine induced a high level of

metamorphosis in one experiment (64% ± 18%), but a

low level in a repeat of this experiment (14% ± 18%);

and at the lowest concentration isoleucine had no effect

(Table II), so the threshold is probably between 1 and

\0 fjM.

Serine, histidine, and leucine also induced significant
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Table II

Mean percent metamorphosis o/Slrombus gigas lanae treated with specific concentrations of amino acids or an aqueous Laurencia poitei

extract {20 fil/ml seawater)

Concentration
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Figure 7. Mean percent metamorphosis of queen conch larvae in response to seawater only (sw, a

negative control), isoleucine (ile, 100 /xM), valine (val, 100 ^jM). and an extract of Laurencia poitei (20 ^l\

extract/ml seawater) alone, and in combination with acetylsalicylic acid (asa, 1 mM) with and without

reexposure to the appropriate cue. Asa ( 1 mM ) alone is also shown. In this experiment, the respon.se to

isoleucine is anomalously low. Pomts are means ± SD; n = 5. Data points with the same letter above the

error bar are not significantly different at P s 0.05.

cant levels of metamorphosis, although, as with other

cues, the percentage varied among batches of larvae

(Boettcher and Targett, 1996). Elevations in K^ concen-

trations between 20 and 22 mM over ambient induced

levels of metamorphosis equivalent to those induced by

the algal extract. Concentrations <17mM or a24 mM
over ambient induced significantly lower levels of meta-

morphosis, and concentrations lower than lOmM over

ambient had no effect on metamorphosis.

DOPA and EP at 1 ^jM had no effect on metamorpho-

sis. However, at 10 pA/, DOPA induced significant levels

of metamorphosis (87% ± 14%), and at 100 pM it had

toxic effects. GABA induced significant levels of meta-

morphosis, but only at concentrations a 5 mM (Fig. 9).

The levels induced by GABA approached, but never were

equal to, those induced by the algal extract. As reported

previously, GABA at 1 and 100 pM had no significant

effect on larval metamorphosis (Boettcher and Targett.

1996). Hydrogen peroxide at 50 and 100 /^M induced

levels of metamorphosis (54% ± 16% and 96% ± 4.0%

respectively) equal to or greater than those induced by

the algal extract (61%- ± 5.6% and 93% ± 12%).

TEA at 100 and 500 /jM had no significant effect on

induction of metamorphosis caused by elevated K* con-

centrations (20 mM). hydrogen peroxide (50 /jM), or the

extract (20 pi extract/ml .seawater), and no significant ef-

fect when presented alone (Fig. 10). SITS at 10 pM also

had no effect on the above inducers; but at 50 pM, it

significantly decreased the response to hydrogen peroxide

and to elevated K* concentrations. SITS had no effect

when presented alone (Fig. 10).

Vanadate (1 mM) induced levels of metamorphosis

(53% ± 8.3%) equal to those induced by hydrogen perox-

ide (32% ± 33%) and L. poitei extract (56% ± 20%);

but at 2 mM it was toxic to the larvae. Unlike its effects

on the induction of metamorphosis by the algal extract,

isoleucine, and valine, acetylsalicylic acid had no signifi-

cant effect on the response of the larvae to hydrogen

peroxide. Bovine catalase, however, totally blocked the

larval response to hydrogen peroxide, while having no

effect on the response to the extract.

Discussion

The natural inducer of larval metamorphosis in queen

conch is a water-soluble cue associated with species of

red algae, including L. poitei, commonly found in conch

nursery grounds (Davis and Stoner, 1994; Boettcher and

Targett, 1996). Larval responses to this cue are dependent

on both concentration and exposure time, with the initia-

tion of metamorphosis occurring within 10 min of treat-

ment. The free amino acids isoleucine and valine, eleva-

tions in external concentrations of K*, the neurotransmit-

ters DOPA and GABA, as well as hydrogen peroxide and

vanadate also induce larval metamorphosis.

Isoleucine and valine induce behavioral and morpho-

genic responses that mimic the effects of the natural in-

ducer of conch metamorphosis. Valine and isoleucine are
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Figure 10. Percent metamorphosis of queen conch larvae in response to seawater only (sw. a negative

control), hydrogen peroxide (H:0;, 50 ijM). increased KCl (20 niA/) and an extract of Laurencia poitei

(20 /jl extract/ml seawater) alone and in combination with 4-acetainino-4'isothiostilbene-2,2'disulfonic acid

(50 ^M, SITS) or tetraethylammonium chloride (500 /jM. TEA). Points are means ± SD; /; = 5. Data

points with the same letter above the error bar are not significantly different at P s 0.05.

cAMP levels during conch metamoqjhosis cannot be dis-

regarded. However, since salicylic acid (a compound that,

like acetylsalicylic acid, can affect cAMP levels) has no

effect on conch larval metamorphosis, and since meta-

morphosis induced by hydrogen peroxide is unaffected

by acetylsalicylic acid, it is unlikely that the effects of

acetylsalicylic acid are due to its influence on the cAMP
second messenger system.

H N
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COO"
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CH

H^C CH.
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HjN

COQ-
I

C-H

?^.

HC - CH3
I

CH3
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COO'
I

H N*-C-H

CH

H^C^ CH^

Isoleuclne

Figure 11. Structure of the amino acids valine, isoleucine. and leu-

cine.

The responses of conch larvae to hydrogen peroxide,

DOPA, vanadate, and GABA are consistent with the

known roles of second messenger pathways in settlement

and metamorphosis, as well as with the known activities

of these compounds in other systems. Models for pro-

cesses controlling the transduction of metamorphogenic

signals in other marine larval systems have drawn on

those developed for olfactory responses, involving pri-

marily the adenylate cyclase (AC)/cAMP pathway, the

phospholipase C (PLO/inositol triphosphate (IP3) path-

way, or both (Leitz and Miiller, 1987; Freeman and

Ridgeway, 1990: Morse, 1990: Rittschof et al. 1991;

Anholt. 1992: Fadool and Ache. 1992: Michel and Ache,

1992: Clare et al., 1995; Brunet et al, 1996).

Hydrogen peroxide, vanadate, and DOPA all induce

complete larval metamorphosis in the queen conch. The

response of conch larvae to DOPA appears to be related

to the production of hydrogen peroxide in the breakdown

of this catecholamine rather than to any direct effect of

DOPA itself; no response is initiated in the DOPA treat-

ments until peroxide concentrations reach levels that

alone induce metamorphosis (AAB, pers. obs.). This is

similar to the response of Phestilla sibogae larvae to

DOPA and hydrogen peroxide (Pires and Hadfield, 1991 ).

Although hydrogen peroxide induces complete metamor-

phosis in the conch, only partial metamorphosis is in-

cluded in P. sibogae (Pires and Hadfield, 1991). In other

systems, hydrogen peroxide and vanadate have been

shown to directly or indirectly activate Ca'* release chan-

nels via oxidation of thiol groups, stimulate phospholipase

C, and increase protein tyrosine phosphorylation (Paris
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and Pouyssegur. 1987; Ranjan and Goetz, 1990; Leitz

and Wirth. 1991; Pires and Hadfield. 1991; Favero et al..

1995). In addition, it has recently been hypothesized that

hydrogen peroxide, like nitric oxide, may itself be an

intracellular second messenger (Dong. 1995; Sundaresan

et al.. 1995). One or several of these mechanisms may

be responsible for the activities of hydrogen peroxide.

DOPA, and vanadate in conch larval metamorphosis, and

all suggest that these compounds influence metamorpho-

sis by modulating second messenger pathways.

The types of chemical cues involved in conch metamor-

phosis and the mechanisms controlling it share general

features with chemoreception in adult aquatic invertebrates

(Burke, 1983; Baxter and Morse, 1987; Arkett e/ a/.. 1989;

Carr et al.. 1989; Bonar et al.. 1990: Freeman and Ridg-

way, 1990; Morse, 1990; Pawlik, 1990; Leitz, 1993; Leitz

et al.. 1994). The red algal cues, like those that induce

olfactory responses in other marine organisms, are of low

molecular weight and soluble in water. It appears that the

molecules of the algal cue bind to sites that also recognize

and bind particular amino acids {i.e.. valine and isoleucine).

The results of the experiments with vanadate and hydrogen

peroxide suggest that metamorphosis induced by the natu-

ral cue may be triggered through a second messenger path-

way. As with other marine larvae, elevated K* concentra-

tions (above ambient seawater) can directly activate the

metamorphosis process, presumably by depolarizing sen-

sory cells. Studies focusing on further characterization of

the natural inducer, and on the potential involvement of

the PLC/DAG/IP, and AC/cAMP second messenger sys-

tems in conch metamorphosis, will deepen our understand-

ing of the metamorphic process in conch and in other

marine invertebrates. Electrophysiological studies directly

testing the effects of morphogens on potential larval che-

moreceptors would contribute further to the understanding

of how metamorphosis is induced and how the signals are

transduced, and would also aid in the identitication of the

active components of the cues.
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Abstract. Serotonin (5-hydroxytryptamine, 5-HT) and

its receptor ligands induce both oocyte maturation and

spawning in zebra mussels (Dreissena polymorpha). The

selective serotonin reuptake inhibitors (SSRls) fluvoxa-

mine ("Luvox"), fluoxetine ("Prozac"), and paroxetine

("Paxil") are commonly prescribed drugs for the treat-

ment of depression in humans. They act to increase 5-

HT neurotransmission by inhibiting reuptake transport

proteins at synapses. I tested the efficacy of these drugs at

inducing spawning in zebra mussels. All three compounds

induced spawning in both sexes at concentrations lower

than that for 5-HT itself. Fluvoxamine was particularly

potent, inducing spawning in 100% of both sexes at 10
"^

and 10"M. The concentration that induced a significant

percentage of animals to spawn was as low as 10" M for

males and and 10^' M for females. The lowest concentra-

tion of fluvoxamine to induce spawning was 10"* M for

females (40%) and 10''" M for males (20%). Gametes

spawned in fluvoxamine (10 ' M and lower) were viable,

and swimming trochophores were formed within 20

hours. Fluoxetine was also an effective spawning inducer,

causing 100% of males to spawn at 5 X 10"M. The

concentration of fluoxetine required to induce a significant

percentage of spawning was as low as 5 X 10" M for

males and 5 X 10" M for females. In both fluvoxamine

and fluoxetine, more than 60% of the males spawned

within the first hour of exposure. In contrast, paroxetine

was a weak spawning inducer. At concentrations of 10
'

and 10 * M it induced significant, but low (50% and 40%,

respectively) percentages of males to spawn. Paroxetine

did not induce significant spawning in females. Thus,

fluvoxamine, fluoxetine, and paroxetine can induce

Received 7 July 1997; accepted 23 December 1997.

E-mail; pfong@gettysburg.edu

spawning at low concentrations, and fluvoxamine is the

most powerful spawning inducer in any bivalve. These

may be useful agents for stimulating invertebrate seroto-

nergic mechanisms without applying exogenous 5-HT,

and they are potentially important in bivalve aquaculture.

Moreover, these results suggest, for the first time, the

presence of 5-HT reuptake transporters in bivalve mol-

luscs.

Introduction

Serotonergic mechanisms regulate a wide variety of

physiological functions in molluscs. Amongst bivalve

molluscs, reproductive processes including oocyte matu-

ration (Hirai et ai. 1988; Krantic et al., 1991; Fong et

ai, 1994a; Gobet et al, 1994), spawning (Hirai et al.

1988; Ram et al. 1993), and parturition (Fong and War-

ner, 1995; Fong et al, 1996a) are regulated by serotonin

(5-hydroxytryptamine, 5-HT) or a 5-HT-like compound.

Exogenous application of 5-HT and 5-HT receptor ligands

such as 8-OH-DPAT and alpha-methyl-5-HT induce

spawning in a number of marine and freshwater bivalves

(Gibbons and Castagna, 1984; Ram et al. 1993; Fong et

al, 1993, 1996b). The serotonin pharmacology of spawn-

ing has been recently elucidated in the exotic zebra mus-

sel, Dreissena polymorpha (Fong et al. 1993, 1994b).

Both male and female zebra mussels spawn when exposed

to 10 'M and 10 'A^ 5-HT.

Fluvoxamine (
5

- methoxy -4' - ( trifluoromethyl ) valero-

phenone(E)-0-(2-amimoethyl)oxime maleate), fluoxetine

(/V-methyl-3Lp-trifluoromethylphenoxy]-3-phenylpropyl-

amine), and paroxetine {(-)-trans-4R-(4'-fluorophenyl)-

3S - [93'.4' - methylenedioxyphenoxy ) methyl] piperidine

hydrochloride hemihydrate) are commonly prescribed an-

tidepressants ("Luvox," "Prozac," and "Paxil," respec-
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tively) in humans; they increase 5-HT neurotransmission

by inhibiting 5-HT reuptake transporters (Fuller 1994;

Garcia-Colunga et al.. 1997). Since these selective seroto-

nin reuptai^e inhibitors (SSRls) increase endogenous 5-

HT neurotransmission in some species. I tested the effects

of these drugs on spawning in zebra mussels. The results

revealed that the three drugs, especially fluvoxamine and

fluoxetine, are powerful inducers of spawning in zebra

mussels, and suggest the presence of 5-HT reuptake trans-

porters in bivalve molluscs.

Materials and Methods

Zebra mussels were collected in July 1996 and June

1997 from Conesus Lake (42° 45' N, 78° 45' W), Gene-

seo, Livingston County, New York. During the 1996 col-

lection, the water temperature of the lake was 23°C. Mus-

sels were transported to the laboratory and acclimated to

10°C in an incubator by reducing the temperature from

23°C at a rate of 2°C/day. Mussels were maintained with-

out added food for 2 weeks until testing. These mussels

were tested with fluoxetine only. In 1997, water tempera-

ture was 20°C during collection. Mussels were maintained

without added food in a IO°C incubator and used within

3 days of collection. These animals were tested with flu-

voxamine, fluoxetine, and paroxetine. Animals ranged

from 13-32 mm in shell length. Fluoxetine, serotonin

creatinine sulfate (both from Sigma Chemical Co., St.

Louis. MO), and paroxetine (SmithKline Beecham, Phila-

delphia, PA) were dissolved in lake water. Fluvoxamine

(Solvay-Duphar, Weesp. The Netherlands) was dissolved

in 100% ETOH.
All experiments were carried out in 20-ml glass vials

( 1 mussel/vial) at room temperature (22°-25°C). Initially,

all mussels were acclimated in either 4.5 or 9.0 ml of lake

water for 20-30 min before addition of any drug. After

the acclimation period, 0.5 or 1.0 ml of drug was added.

Thus the final concentrations were 10-fold lower than

the added concentrations. All experiments had a negative

control (lake water alone or 0.1% ETOH) and a positive

serotonin (10 'M) control. Mussels were observed for

evidence of spawning, and questionable spawnings were

confirmed by microscopic analysis of water. In most

cases, spawnings were easy to detect. Males released

streams of sperm, which resulted in in cloudy water soon

after. Females released oocytes in intermittent bursts; oo-

cytes were easily seen on the bottom of vials. Experiments

were run for 4 h, after which all non-spawners were dis-

sected and their gonads examined microscopically to de-

termine sex and reproductive maturity (Ram et al.. 1993).

Since it is impossible to ascertain zebra mussel sex and

maturity prior to experiments, the number of animals of

each sex in various experimental groups varied from ex-

periment to experiment, but each group initially consisted

of at least 12 mussels. Results were analyzed statistically

using Fisher's exact test (Sokal and Rohlf, 1981), and

null hypotheses were rejected where P < 0.05.

Results

Figure 1 A shows the dose-response curve for spawning

in fluvoxamine. Males showed statistically significant per-

centages of spawning at 10"'' to 10"' M (Fisher's exact

test, P < 0.0001 for all concentrations compared with

negative control). Females showed significant spawning

in fluvoxamine concentrations from 10"'-10"'M (Fish-

er's exact test, P < 0.003-0.0001), As expected, 5-HT

induced a high percentage of spawning compared with

negative controls (Fig. IB). At concentrations from 10"**

to 10"* M, more than 60% of males spawned within the

first hour, and of these, most spawned within 30 min (Fig.

2A). Females always took longer to spawn, never achiev-

ing maximum spawning in the first hour (Fig. 2B). Ani-

mals were healthy in all concentrations for the duration

of the experiments. Gametes spawned in the highest con-

centration {\0'^ M) were viable and oocytes were suc-

cessfully fertilized, forming swimming trochophores

within 20 h.

The spawning data for fluoxetine were pooled for

1996-1997. Fluoxetine was also an effective inducer of

spawning in both sexes. A high, statistically significant

percentage of males spawned from 5 X 10 ' to 5 X
10""* M compared with negative controls (Fig. 3A, B).

Females had a much narrower range of sensitivity, spawn-

ing at significant percentages only in 5 X 10"* and

10"' M. As in fluvoxamine, most males spawned within

the first hour (Fig. 4A), but females lagged, achieving

maximum spawning only after the second hour (Fig. 4B).

Mussels exposed to high concentrations (10"'' M) of flu-

oxetine looked unhealthy, and sperm spawned in 10"' to 5

X 10"' M were not motile. But, sperm recovered motility

when placed in fresh lake water. A single attempt to

fertilize oocytes spawned in fluoxetine (10"' M) was not

successful.

In contrast to fluvoxamine and fluoxetine, paroxetine

was only marginally effective at inducing spawning.

Males spawned significantly in 10" and 10"' A/, but the

highest percentage was only 50% in 10'* M (Fig. 5A).

Females did not show significant spawning at any concen-

tration of paroxetine, although at 10"' M. 2 of 8 females

spawned. Of the 12 males that spawned in paroxetine, 6

spawned within the first hour, and 5 spawned within 2

hours. Females took at least 3 hours to spawn. Mussels

exposed to high concentrations (10"'*M) of paroxetine

released mucus from their siphons, and some of the sperm

spawned at 10 ' M were not motile. No attempt at fertiliz-

ing paroxetine-stimulated spawned oocytes was made.

Discussion

Fluvoxamine. fluoxetine, and paroxetine increase 5-HT

neurotransmission in vertebrates by inhibiting 5-HT reup-
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and obesity in non-insulin-dependent diabetics (Dau-

bresse et cil, 1996). However, the actions of putative

SSRIs in inveilebrates are poorly understood, even though

5-HT is a widely occurring biogenic monoamine that has

been identified in a large number of invertebrates includ-

ing cnidarians, platyhelminthes. nemerteans, annelids, ar-

thropods, and especially molluscs (Welsh and Moorhead,

I960: Fujii and Takeda, 1988: Sandeman et ciL. 1988;

Linn and Roelofs, 1993).

Although some authors report enhanced fertilizability

of bivalve oocytes in 5-HT (Juneja et ciL. 1993), others

report that high concentrations of 5-HT have toxic effects

on zebra mussel gametes (J. Lynn, pers. comm.: pers.

obs.). In the present experiments, toxic effects on mussels

were noticed at high concentrations of fluoxetine and par-

oxetine. However, these effects were observed after most,

if not all, animals in each group had already spawned.

Thus the toxicity is not believed to have stimulated the

spawning. The reduction in sperm motility observed in

fluoxetine and paroxetine may be due to the direct action

of the drugs on the sperm, since sperm transfened to fresh

lake water usually recovered their motility. The mucus

release seen in mussels exposed to paroxetine has also

been observed in fingernail clams exposed to the same

drug (pers. obs.).

Other than algal and gamete extracts (Ram et cii. 1996),

fluvoxamine, fluoxetine, and paroxetine are the only com-

pounds that stimulate spawning in zebra mussels which

are not well-known 5-HT receptor ligands. Moreover, the

lowest concentrations of any compound previously

known to induce spawning in zebra mussels was 10 ** M
metergoline in males (Fong et ciL, 1994b) and 10"' A/

ergotamine in females (Ram et al., 1996). In the present

study, fluvoxamine induced spawning in males at 10"'" M
and in females at 10"** M. Thus fluvoxamine is the most

powerful spawning inducer identified not only for zebra

mussels, but also for any bivalve yet tested. As powerful

as fluvoxamine is, the sensitivity to this drug varies be-

tween species. The surf clam Spisula solidissima. one of

the first bivalves to be induced to spawn with 5-HT, has a

serotonin pharmacological profile similar to that of zebra

mussels (Kadam et al., 1991). Fluoxetine (10 "^ and
10"^ M) induces some spawning in surf clams, but flu-

voxamine (10"'' and 10"' M) does not (unpubl. obs.). Al-

though 5-HT is used to induce spawning in economically

important bivalves, its high cost can prohibit its use in

developing countries. Further testing of economically im-

portant bivalves with these and other putative SSRIs could

uncover compounds that would induce spawning at much
lower concentrations, and hence be more economically

feasible, than 5-HT.

The use of fluvoxamine, fluoxetine, and paroxetine pro-

vides a possible method of stimulating serotonin-medi-

ated responses in invertebrates without injection or exter-

nal application of 5-HT or its ligands. Further experiments

are needed to verify that these drugs act as SSRIs and to

ascertain how widespread 5-HT reuptake transporters are

in molluscs and other invertebrates.
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Abstract. The zebra mus.sel is a nonindigenous invader

of North American lakes and rivers and one of the few

freshwater bivalve molluscs having a byssus— a sclero-

tized organ used by the mussel for opportunistic attach-

ment to hard surfaces. We have sequenced a foot-specific

cDNA whose composite protein sequence was deduced

from a series of overlapping but occasionally nonidentical

cDNA fragments. The overall deduced sequence matches

tryptic peptides from a major byssal precursor protein—
Dreissena polymorpha foot protein 1 (Dpfpl ). The calcu-

lated mass of Dpfpl is 49 kDa; but this is known to be

extensively hydroxylated and O-glycosylated during mat-

uration. Purified native Dpfpl analyzed using matrix-as-

sisted laser-desorption ionization mass spectrometry with

time-of-flight indicates that the protein occurs as at least

two size variants with masses of 48.6 and 54.5 kDa. In

all probability, the sequence variants reported in this study

are related to the larger mass variant. Dpfpl has a block

copolymer-like structure defined by two consensus motifs

that are sharply segregated into domains. The N-terminal

side of Dpfpl has 22 tandem repeats of a heptapeptide

consensus (P-[V/E]-Y-P-[T/S/6]-[K/Q]-X); the C-termi-

nal side has 16 repeats of a tridecapeptide motif (K-P-

G-P-Y-D-Y-D-G-P-Y-D-K). Both consensus repeats are

unique, with some limited homology to other proteins
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Abbreviations: DIG. digoxigenin; Dopa. 3. 4-dihydroxyphenylala-

nine; Dpfpl, Dreissena polymorplia foot protein 1; MALDI-TOF, ma-

trix-assisted laser desorption-ionization mass spectrometry with time-

of-flight; Mefpl. Mxtihis ediilis foot protein: RACE, rapid amplification

of cDNA ends: RT-PCR, reverse transcriptase-polymerase chain reac-

tion; SDS PAGE, sodium dodecyl sulfate polyacrylamide gel electro-

phoresis.

functioning in tension: marine mussel adhesives, plant

extensins, titin, and trematode eggshell precursors.

Introduction

The zebra mussel, Dreissena polymorpha (Pallas), is a

freshwater bivalve indigenous to the river basins of the

Black, Baltic, and Caspian seas. Recently, it was acciden-

tally introduced into one of the Great Lakes, and in less

than 10 years, its distribution has expanded into the lakes

and rivers of at least a third of the North American conti-

nent (Johnson and Padilla, 1996). The economic impact

of this expansion has been profound and is due. in large

part, to fouling (Roberts, 1990). Zebra inussels foul by

attaching opportunistically and in large numbers to a wide

variety of surfaces by means of a thread-like structure

known as a byssus (Ackerman et al.. 1992). In this re-

spect, they resemble marine mussels (Mytilidae), which

have adopted a similar strategy.

Zebra mussel byssal threads are fibrous extracellular

structures composed largely of proteins, many of which

contain the post-translationally modified amino acid 3,4-

dihydroxyphenylalanine (Dopa) (Rzepecki and Waite.

1993). Peptidyl Dopa is thus a convenient marker of byssal

precursor proteins and is thought to play an important role

in adhesion and the maturational cross-linking of byssal

threads (Waite. 1990). Three polymorphic Dopa-con-

taining protein families have previously been isolated and

paitially characterized from zebra mussel foot tissue, the

site of byssal protein synthesis and storage. The largest

of these proteins. Dreissena polymorpha foot protein 1

(Dpfpl ). has an apparent molecular weight of 76 kDa and

Dopa at levels up to 6.6 mole 9c (Rzepecki and Waite,

1993). Like many byssal precursors from marine mussels,

Dpfpl features Dopa residues in repeating consensus mo-

tifs. Despite this similarity, Dpfpl is markedly different
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from the marine proteins in two respects. First, members

of the Dpfpl family have acidic isoelectric points ranging

from 5.3 to 6.5; marine byssal precursors, in contrast, are

highly basic— many with pis exceeding the effective re-

solving range of available ampholytes. Second, dreissenid

byssal precursors, including Dpfpl. are glycosylated with

A'-acetylgalactosamine O-linked to serine and threonine

residues; there is, however, no evidence for glycosylation

in byssal proteins from any marine taxa. It is not known

whether these differences reflect two generally valid solu-

tions to the problem of adhesion underwater or represent

genuine differences in the requirements for adhesive bond

formation in freshwater and marine systems.

Our efforts to determine the complete primary sequence

of Dpfpl by traditional peptide mapping have been

thwarted by the repetitive structure and protease-resistance

of large regions of the protein (Rzepecki and Waite, 1993).

In this study, we report on the complete primary sequence

of Dpfpl deduced using molecular techniques. cDNA se-

quence data reveal that Dpfpl is a tandemly repetitive

protein composed of two motifs: a novel heptapeptide se-

quence and a tridecapeptide consensus sequence. Unusu-

ally, these motifs are segregated to distinct regions of the

protein, a fact which almost certainly has important conse-

quences to the self-assembly of the zebra mussel byssus.

Materials and Methods

RNA extractions

All tissues used in these experiments were excised,

irmnediately frozen in liquid nitrogen, and ground in a

mortar chilled to -80°C. Tissue was homogenized in a

hand-held glass homogenizer (Kontes, Vineland, NJ), and

total RNA was extracted according to the methods of

Chomczynski and Sacchi (1987).

Reverse transcriptase (RTj-polymerase chain reaction

(PCR) and 5' rapid amplification of cDNA ends

(RACE)

mRNA was purified from total RNA using the Oligo-

tex mRNA spin column kit (Qiagen, Chatsworth, CA).

After purification, 1 ytg mRNA was reverse transcribed

using 20 pmoles of a primer specific to polyA tracts

(polyT-LD AGAGAGATTTTTTTTTTTTTTTTTVN) with

200 units of MM-LV reverse transcriptase (Superscript

II, Gibco-BRL) for 2 h at 37°C in buffer supplied by the

manufacturer. The reaction was quenched with 1 ml of 1

X TE, pH 7.5. One percent (v/v) of the resulting first-

strand cDNA was amplified with the polymerase chain

reaction (PCR) using degenerate oligonucleotide primers

based on the previously determined (Rzepecki and Waite,

1993) amino acid sequence of the N-terminus of Dpfpl

(Dpl.N(-h) GGIACITAYGAYTGGACNGA) and an

internal peptide (Dpl.A(-) TTRTCRTAIGGICCRT-
CRTA). Each 50-//1 reaction contained 0.25 niM of each

dNTP, 100 pmoles of each primer, and 2.5 units of

Taq2QQQ) polymerase (Stratagene, La Jolla. CA). in a

buffer containing 10 mMTris-Cl, 1.5 mMMgCU, 75 mM
KCland 15 mA/(NH4):S04. Samples were initially dena-

tured at 95°C for 4 min 30 s followed by 30 cycles of

amplification as follows: 95°C for 30 s, 50°C for 30 s,

and 72°C for 2 min. A final extension for 5 min at 72°C

was carried out to ensure addition of 3' A overhangs. The

resulting amplification product was ligated into the pCRII

vector (Invitrogen, San Diego, CA) according to manufac-

turer's instructions. The insert from the newly constructed

plasmid, pDPl.NA, was sequenced on both strands using

vector-specific and degenerate oligonucleotide primers.

5' RACE was performed to obtain cDNA sequence

data upstream of the region coding for the N-terminus

(Frohman et al.. 1988) and to independently establish the

cDNA sequence of the N-terminus. All reactions were

performed using reagents contained in the 5' RACE Sys-

tem V2.0 (Life Technologies, Bethesda, MD) according

to manufacturer's instructions. Briefly, 1 pg of D. poly-

morpha foot tissue total RNA was reverse-transcribed

using a gene-specific primer (Dpl.GSPl(-) TATTTT-
GTAGGAGTGGG). The purified first-strand cDNA was

tailed with dCTP. and PCR was performed using the sup-

plied abridged anchor primer (GGCCACGCGTCGACT-
AGTACGGGIIGGGIIGGGIIG) and Dp 1 .GSP 1 ( - ). Each

50-//1 reaction contained 0.25 mM of each dNTP and

20 pmoles of each primer in 1 x PCR buffer (Life Tech-

nologies, Bethesda, MD) supplemented with 2 mM
MgCL . Samples were denatured at 95°C for 4 min 30 s

and equilibrated to 72°C. Two-and-one-half units of

TaqlQQQ polymerase were added and amplification for

25 cycles was performed under the following conditions:

95°C for 30 s, 42°C for 30 s, and 72°C for 30 s. A final

5-min extension was performed at 72°C. A second round

of PCR was performed using AAP and a nested gene-

specific primer (Dpl.GSP2(-) TTGTTGTATAGTTCG-
GAATTTTAG). The reaction volume and component

concentrations were as outlined in the previous reaction.

Samples were initially denatured at 95°C for 4 min 30 s

followed by 30 cycles of amplification as follows: 95°C

for 30 s, 42°C for 30 s, and 72°C for 60 s. A final exten-

sion for 5 min at 72°C was carried out to ensure addition

of 3' A overhangs. The resulting amplification products

were cloned into the pGEM-T vector (Promega, Madison,

WI) according to manufacturer's instructions. The insert

from the newly constructed plasmid, pDP1.5'UTA, was

sequenced on both strands using gene-specific primers.

Probe synthesis and cDNA library screening

Two probes were created in this experiment to screen

a D. polymorpha foot tissue cDNA library (Eddington,
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1996). A digoxigenin (DIG)-labeled antisense RNA probe

(probe #1) was generated from Ddel-digested pDPl.NA
using T7 polymerase and the DIG-RNA labeling kit

(Boehringer-Mannheim) according to manufacturer's in-

structions. A DIG-labeled double-stranded DNA probe

(probe #2) spanning the 5' untranslated region of Dpfpl

and the first 172 nt coding for the mature protein was

generated using the PCR DIG probe synthesis kit (Boeh-

ringer-Mannheim) according to manufacturer's instruc-

tions. pDPl.S'UTA was used as a template for this reac-

tion, and a primer specific to the 5' untranslated region

of Dpfpl (Dpl.5' UT(-f-) ATACTTCAGAGCATCAA-
CCAA) and Dpl.GSPl(-) were used as primers. Both

probes were individually incoiporated at a concentration

of lOOng/ml into standard hybridization buffer -I- 50%
fomiamide (5x SSC. 1% Blocking buffer (Boehringer-

Mannheim). 0.17c (w/v) sarcosyl, 0.02% (w/v) SDS. 50%
fomiamide (v/v)). Hybridizations were carried out at 60°C

(probe #1) or 42°C (probe #2). Stringency washes for

both probes were conducted with O.lx SSC/0.2% (w/v)

SDS at 68°C.

One million plaques generated from a \ZAP-Express

cDNA library (Stratagene. La Jolla, CA) were doubly

screened with probes #1 and #2. No plaques positive for

probe #2 were detected, suggesting that a full-length clone

of Dpfpl was not present in this library. Forty plaques

positive for probe #1 were cored, eluted in SM buffer

(100 mM NaCI. 50 mM Tris-CI pH 7.5, 8 mM MgSOj.
0.1% gelatin), and tested for insert size by PCR using

vector-specific primers Hanking the cDNA insert. After

secondary screening. cDNA from the plaque bearing the

largest insert was rescued as a phagemid using the ExAs-

sist interference-resistant helper phage kit (Stratagene, La

Jolla. CA) and sequenced using the nested deletion tech-

nique (see below).

Nested deletions

Nested deletions were performed using the double-

stranded nested deletion kit (Pharmacia Biotech. Piscata-

way. NJ). In each case. 5 ^g of template was doubly

digested with EcoRI and Pstl. and the restriction enzymes

were heat inactivated. Digested clones were precipitated

in ethanol and resuspended in a buffer containing 1.5 M
potassium acetate, 37.5 mM Tris-acetate pH 7.6, 15 mM
magnesium acetate. 750 ^M /9-mercaptoethanol. and

15 /7g/ml bovine serum albumin (BSA). A 2-/yg sample

of each digest was used for digestion with Exonuclease

III. The reactions were earned out at 23°C and aliquots

taken every 5 min. All clones yielding deletions larger

than the size of the empty vector were ligated, trans-

formed into XL 1 -Blue MRP' cells (Stratagene, La Jolla,

CA), purified, and sequenced using a vector-specific

primer.

RNA dot blots

Ten micrograms of total RNA separately extracted

from D. polymorpha foot, adductor mussel, mantle, and

gill tissue were diluted in an equal volume of RNA dilu-

tion buffer (water: 20x SSC; formaldehyde; 5:3;2) and

spotted onto a positively charged nylon membrane (MSI,

Westboro, MA). The membrane was hybridized to either

probe #1 as described above or to an actin-specific dou-

ble-stranded DIG-labeled DNA probe (Patwary et al..

1996). Hybridization with actin specific probe was per-

formed at 37°C with a stringency wash using 0.5 X SSC/

0.1% (w/v) SDS at 68°C.

Northern hybridizations

Three micrograms of foot tissue mRNA were subjected

to formaldehyde/agarose gel electrophoresis according to

Sambrook el al. ( 1989). RNA was transferred onto a posi-

tively charged nylon membrane and hybridized overnight

with probe #1.

Mass analysis of native Dpfpl

Native Dpfpl was purified from the foot of adult zebra

mussels according to Rzepecki and Waite (1993). The

mass of the native protein was determined by matrix-

assisted laser desorption-ionization mass spectrometry

with time-of-flight (MALDI-TOF) using a PerSeptive Bi-

osystems Voyager model in the positive ion mode and

delayed extraction. A 20-^M solution of Dpfpl in 0.1%

acetic acid was mixed with three volumes of a saturated

sinapinic acid solution (40% acetonitrile/0. 1% TEA); 2 pi

of the resulting mixture (lOpmoles Dpfpl) was placed

on a sample plate and allowed to air dry. The sample was

inserted into a vacuum chamber (I x 10"' torr) and the

spectra generated from 256 pulses of a 337-nm laser were

averaged. The acceleration voltage was 25,000 with a

90% grid voltage and a guidewire setting of 0.1%.

Results

RNA dot blots and Northern hybridizations

The tissue specificity of Dpfpl is demonstrated in Fig-

ure 1. RNA dot blots show that Dpfpl mRNA transcripts

were detected only in total RNA extracts from foot tissue

and not in extracts from gill, adductor muscle, or mantle

tissue. Identical dot blots hybridized to an actin-specific

probe were positive for all tissue types although the

strength of the signal varied considerably between tissue

types (data not shown). These results are consistent with

data obtained from other marine byssal precursor proteins

ilnoue et al.. 1995. 1996a; Coyne t'/ «/.. 1997; Qin t'? «/..

1997) and support the hypothesis that Dpfpl plays a role
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F A M G

Figure 1. Total RNA dot blots of Dreissena polymorpha foot (F). adductor muscle (A), mantle (M).

and gill (G) tissue hybridized to a digoxigenin-labeled RNA probe specific to Dpfpl. The probe was

hybridized to 1 /j.g of total RNA from each tissue.

as a byssal structural protein. Northern blots of foot tissue

mRNA indicated that Dpfpl transcripts range in size from

1200 b to 1500 b. suggesting the presence of size variants

(Fig. 2).

Dpfpl cDNA sequence

In Figure 3 the aligned nucleotide sequence data ob-

tained from 5' RACE. RT-PCR with degenerate oligonu-

cleotide primers, and from the largest cDNA clone iso-

lated are presented. Each sequence differs slightly from

the other, and therefore the consensus sequence generated

from this alignment does not represent any single Dpfpl

sequence. It is likely that differences in the data sets

reflect the existence of Dpfpl variants rather than errors

introduced during amplification, because each set of PCR

< 2.4 kb

< 1.0

Figure 2. Northern blot of Dreissena polymorpha foot tissue mRNA
hybridized to a digoxigenin-labeled RNA probe specific to Dpfpl; 3 fjg

of foot tissue mRNA was used.

sequence data was determined from at least two indepen-

dently amplified samples. The combined transcript is

1481 bp in length and contains an open reading frame of

1332 bp coding for a protein of 443 amino acids. Included

in the transcript is a start codon at nucleotide position 36

and two overlapping canonical polyadenylation signals

(Kozak. 1986) at nucleotide positions 1464 and 1468.

The calculated molecular weight of the deduced primary

sequence is 49 kDa. with a predicted isoelectric point

of 5.29.

The first 19 amino acids code for a putative signal

peptide that conforms to the rule of von Heijne (1985).

Computer-based modeling of signal peptide cleavage

(Nielsen et al., 1997) correctly predicts cleavage of the

signal peptide preceding the previously determined N-

terminal glycine residue of the mature protein (Rzepecki

and Waite, 1993). The N-terminus of Dpfpl, as coded

for by sequences generated using 5' RACE, differs from

the previously reported N-terminal sequence (Rzepecki

and Waite, 1993) in that it substitutes serine residues

for threonine at position #2, tyrosine at position #3, and

aspartic acid at position #10. None of the three indepen-

dently generated 5' RACE clones exactly coded for the

previously reported N-terminus of Dpfpl. N-terminal se-

quence data generated with degenerate oligonucleotide

primers more closely resemble the previously reported N-

terminal sequence but also substitute serine for aspartic

acid at position #10. It is not possible to determine from

these data if the N-terminal sequence deduced from

cDNAs generated via degenerate oligonucleotide primers

reflects a genuinely different N-terminus or is simply an

artifact forced by the primers used during amplification.

The N-terminal 38 amino acids of the mature protein

are relatively enriched in threonine and serine residues

and quickly give way to a tandemly repeating heptapep-

tide. This generally basic motif (P-[V/E|-Y-P-[T/S|-[K/

Q]-X) is repeated 22 times in the N-terminal half of Dpfpl
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with some variation, particularly at position #7 of the

consensus sequence; however, proline residues at posi-

tions #1 and #4 and tyrosine residues at position #3 are

highly conserved (Fig. 4). RT-PCR data differ from

cDNA clone data in this region of the transcript by omis-

sion of threonine 175 and by a G190E substitution re-

sulting from a transversion at nucleotide position 661.

The C-temiinal half of Dpfpl is dominated by the pre-

viously reported 13 amino acid consensus sequence: K-P-

G-P-Y-D-Y-D-G-P-Y-D-K (Rzepecki and Waite, 1993).

This acidic sequence is found tandemly repeated 16 times

with only slight variations from the consensus (Fig. 4).

The deduced amino acid composition of the composite

Dpfpl sequence, without signal peptide sequence agrees

well with that of native Dpfpl (Table I), suggesting that

the composite sequence described above is representative

of Dpfpl mRNAs present in zebra mussel foot tissue.

Examination of codon usage for Dpfpl (Table II) reveals

a significant degree of codon bias in amino acids that

occur in conserved positions of the above-mentioned con-

sensus sequences (e.g.. P, Y, D. K. T. G).

Ma.'is analysis of native Dpfpl

MALDI-TOF analysis of native Dpfpl indicates that

the purified protein is represented by two major mass
variants. The lighter of the two variants has a mass [M
+ H*Y — 48.6 kDa. whereas in the heavier variant, [M
-I- H^]^ = 54.5 kDa. No peaks were detected in the 60-
80 kDa range.

Discussion

The primary structure of Dpfpl, deduced from overlap-

ping cDNAs, represents the first complete sequence for

a dreissenid byssal protein and an important advance in

understanding the attachment strategy of the zebra mus-

sel. Two observations suggest that the composite se-

quence generated from these data sets is likely to resemble

full-length transcripts for Dpfpl. First, the size of the

composite sequence (1481 bases) closely matches the size

of the largest Dpfpl transcript as determined by Northern

blots of zebra mussel foot tissue mRNA hybridized to a

Dpfpl -specific probe. Second, the deduced amino acid

N-
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Table I

Amino acid composition of deduced and native Dpfpl

Amino acid
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positions (#2 and #8, Fig. 3) (Rzepecki and Waite, 1993).

The nucleotide sequences presented in Figure 3 suggest

the existence of at least two of these variants. Differences

between these variants in regions of cDNA overlap are

limited to the deletion of a single codon in the RT-PCR
data and a single transversion resulting in an amino acid

substitution in one of the heptapeptide sequences.

An examination of the codon usage data (Table II)

indicates that compositionally dominant amino acids are

predominantly coded for by half of the potentially avail-

able codons for these residues. This is especially true

of proline, tyrosine, aspartic acid, lysine, threonine, and

glycine residues, which together account for almost 75%
of the amino acid composition of Dpfpl. The pattern of

codon bias in compositionally dominant residues has also

been noted in other marine byssal precursor proteins

—

notably Mefpl (Filpula et ciL. 1990), Mgfpl (Inoue and

Odo. 1994). Mcfpl (Inoue et ciL. 1996b), and. to a lesser

extent, Mgfp2 (Inoue et al., 1995)—and may reflect a

need to express byssal structural proteins rapidly in re-

sponse to developmental cues and changing environmen-

tal conditions. It is well established that in bacterial sys-

tems, codon bias is positively correlated with the rates of

gene expression (Robinson et al.. 1984; Varenne et al..

1984; Sorensen et al.. 1989), presumably through selec-

tion of codons that recognize the most abundant isoac-

cepting tRNAs for a given amino acid. Precedence for

this hypothesis can also be found among highly expressed

genes in multicellular organisms such as Drosophila inel-

anogaster. whose chorion genes, important eggshell com-

ponents known to be highly expressed during egg devel-

opment (Kafatos et al.. 1987), also exhibit significant

codon bias (Akashi, 1994). Such a hypothesis has also

been advanced to explain observed codon bias in the

highly expressed silk fibroin heavy chain of the silk moth,

Bomby.x mod (Mita et al.. 1994).

More than 80% of the deduced primary amino acid

sequence of Dpfpl is composed of tandemly repeated

and segregated motifs: one is a heptapeptide; the other,

a tridecapeptide consensus motif that coincides with pep-

tides sequenced previously (Rzepecki and Waite, 1993).

The occurrence of two relatively short tandemly repeating

motifs in Dpfpl is consistent with its proposed role as a

byssal structural protein. However, the absence of data

on the distribution of Dpfpl within the byssus makes it

difficult to assign a specific role at this time. The repetitive

nature of Dpfpl is shared by many of the structural pro-

teins of marine byssi. Two of three characterized Dopa-

containing byssal proteins in Mytilus are known to be

composed almost entirely of tandem repeats. Mefpl. a

110-kDa protein thought to play a role as a cuticular

lacquer in the byssus of M. edulis. is dominated by non-

segregated hexa- and decapeptide repeats (Filpula et al..

1990; Waite et al. 1985; Laursen, 1992). Mgfp2. a 49-

kDa plaque-specific protein of M. gallopmvincialis. is

largely composed of larger, epidermal growth factor-like

repeats (Inoue et al.. 1995).

The N-terminal half of Dpfp 1 is dominated by a hepta-

peptide motif that is repeated 22 times with some variation,

particularly at position #7 of the consensus sequence. Vari-

ability notwithstanding, the spacing of proline and tyrosine

residues is well conserved, suggesting that these amino

acids play an important functional role in the motif. No
tryptic peptides exactly matching the deduced primary se-

quence could be mapped to this part of the protein; however,

a fragment of one tiyptic peptide (tryptic peptide #13 in

fig. 6 of Rzepecki and Waite. 1993) containing the subse-

quence S-P-L-Y-G-W ... is found to bridge two of the

heptapeptide repeats. Although the tyrosine in this sequence

is efficiently converted to Dopa. the amino acid composition

of residual undigested Dpfpl suggests that, as a whole,

this region contains relatively little Dopa (Rzepecki. pers.

comni.).

Given the frequency of lysine and arginine in the hepta-

peptide repeat region, the resistance of the repeat to cleav-

age by ti7psin is intriguing. An examination of the

deduced primary sequence indicates that K-P or R-P se-

quences cannot be the basis for this resistance. Interest-

ingly, lysine and arginine residues in this domain fre-

quently occur adjacent to threonine and serine residues.

That observation, coupled with the detection of high lev-

els of threonine and A'-acetylgalactosamine in partially

digested tryptic peptides (Rzepecki and Waite. 1993).

leads to the hypothesis that Arg and Lys are protected

from trypsin cleavage by adjacent glycosylated amino

acids. A similar protection appears to be imparted by

glycosylated residues in an extensin-like glycoprotein

from Volvo.x carter! (Ertl et al.. 1992).

The N-terminal half of Dpfpl differs significantly from

the C-terminal domain with its repeated 13 amino acid

motif (Fig. 4). Previous peptide data (Rzepecki and Waite,

1993) and the deduced sequence of Dpfpl are consistent

with the hypothesis that glycosylation is more extensive

in the N-terminal region of the protein, whereas hydroxyl-

ation of tyrosine to Dopa occurs more frequently in the

remaining C-terminal portion. Additionally, the average

isoelectric point of Dpfpl in the region occupied by the

heptapeptide is moderately basic (pi = 8.7), whereas the

C-terminal domain is quite acidic (pi = 4.7). These diver-

gent characteristics suggest that the segregation of motifs

plays a significant role in the architectural design of the

zebra mussel byssus. Recently, two byssal structural pro-

teins from M. edulis have also been shown to be com-

posed of "block copolymer" "-like domains. Both proteins

have a central collagenous core flanked by sequences re-

sembling either elastin (Coyne et al.. 1997) or silk fibroin

(Qin et al.. 1997). The distribution of these proteins can
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Ion Transport in the Freshwater Bivalve

Corbicula fluminea
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Abstract. In freshwater bivalves such as the mussel

Corbicula fluminea. uptake of chloride depends on the

external concentration of the chloride ion. In C. fluminea.

CI" uptake displayed saturation kinetics both in animals

acclimated to pondwater and in those subjected to salt

depletion by storage in deionized water. The transport

capacity (J.nax) was 7.00 ± 0.51 ^eq g"' dry tissue h
'

and the transport affinity (K„, ) was 0.21 ± 0.08 mM in

animals acclimated to pondwater. Animals subjected to

salt depletion had a higher rate of Cr uptake than did

animals acclimated to pondwater. After 4 weeks in deion-

ized water, the longer the animals were salt-depleted, the

higher their rate of CP uptake. Na* and CI transport

were independent in pondwater-acclimated C. fluminea.

For salt-depleted animals, C\ transport was Na*-inde-

pendent, but Na* transport depended partially on external

CP. Serotonin stimulated CI and Na^ transport in pond-

water-accUmated animals by increasing influx while hav-

ing little influence on efflux. Acetazolamide increased

the cr and Na^ efflux of salt-depleted animals. Both

serotonin and acetazolamide elevated the net loss of titrat-

able base.

Introduction

Freshwater bivalves have the same osmoregulatory

problems as do other freshwater animals. They must accu-

mulate salts from the dilute environment to compensate

for the loss of solutes by diffusion and excretion. Corbi-

cula fluminea (Muller) belongs to the family Corbiculidae

and is a relatively recent invader of fresh water (Keen

and Casey, 1969). It has a different blood ionic profile

than the unionid clams (Dietz, 1979; McCorkle and Dietz,

1980; Byrne et al. 1989), a family that invaded fresh

Received 22 April 1997; accepted 22 September 1997.

water millions of years earlier (Keen and Casey, 1969).

Na* and CP are the most important ions in the hemo-

lymph of C fluminea. accounting for 80%-90% of the

total hemolymph solutes, compared to only about 60%-
65% in unionids.

The rate of ion uptake in freshwater bivalves depends

on the external ion concentration. Transport processes

exhibit saturation kinetics in the freshwater bivalves that

have been studied (Dietz, 1978; Dietz and Branton, 1979;

McCorkle and Dietz, 1980; Dietz and Byrne, 1990; Dietz

and Hagar, 1990; Wilcox and Dietz, 1995). In unionid

clams, the transport capacity for Na^, CP, or K* is 1-

2 /yeq g~' dry tissue h~', with a transport affinity of about

0.1 to 0.2 mA^ (Dietz, 1978; Dietz and Branton, 1979;

Dietz and Byrne, 1990; Dietz and Hagar, 1990).

Blood osmolality is higher in C. fluminea than in the

unionids (Dietz, 1979; McCorkle and Dietz, 1980; Byrne

et al.. 1989), and the rate of ion transport is faster. Studies

of Na* transport have shown that the transport capacity

of C. fluminea is about 13 ^eq g ' dry tissue h"', or

about 10 times the rate found in the unionid Toxolasma

(Carunculina) te.xasensis (Dietz, 1978; McCorkle and

Dietz, 1980). Potassium transport capacity in C. fluminea

is twice that of unionids (Dietz and Byrne, 1990). The

hemolymph CP and Na* regulation of C. fluminea has

been studied recently (Byrne and Dietz, 1997), but trans-

port kinetics have not been reported.

The Na^-independence of CP uptake has been shown

in many invertebrate and vertebrate species (Krogh, 1939;

Romeu et al.. 1969; Stobbart, 1971; Kerstetter and

Kirschner, 1972; Alvarado e?«/.. 1975; Lee and Pritchard,

1985). In the freshwater mussels that have been studied,

Na* and CP transport are independent and CI uptake is

thought to be via a CP/HCO, exchange pathway (Mur-

phy and Dietz, 1976; Dietz, 1978, 1985; Dietz and Bran-

ton, 1979; Dietz and Findley, 1979; Scheide and Dietz.

1982; Henry and Saintsing, 1983).
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In this study, we characterize the transport kinetics of

Cr and demonstrate that Na^ transport is partially Cl"-

dependent in salt-depleted C. fiitminea. Both salt depletion

and serotonin stimulate CI intlux in C. fiuiuineu.

Materials and Methods

Animals

Specimens of Corbicula fluminea were collected, under

permit, from the Tangipahoa River in Mississippi. The

animals were acclimated to aerated artificial pondwater

(PW) containing (in mM) 0.5 NaCl, 0.4 CaCl., 0.2

NaHCO,, and 0.05 KCl at 22°-25°C for at least 1 week

before use. Salt-depleted (SD) clams were obtained by

storing the animals in deionized water for at least 14 days.

The deionized water was changed daily for the first 2

weeks and every other day for the rest of the salt-depletion

period (McCorkle and Dietz. 1980).

Ion analysis

The animals were rinsed for about 30 min in deionized

water and transfeiTed to individual beakers with appro-

priate bathing medium containing either "'CT or "Na*.

For the experiments in which the net flux of titratable base

was measured, Tris (tris(hydroxymethyl)aminomethane)

was added into the bathing medium at a final concentra-

tion of 0.1 mM, and the pH was adjusted to 7.3 with Tris-

HCl for either PW or Na"-free PW, and with Tris-H.SO^

for CI -free solutions. Choline was used to replace Na'

in Na*-free bathing medium, and sulfate was used to

replace C\ in CP-free bathing medium. An initial (time

zero) bath sample was taken after the clams began si-

phoning (within 10 to 15 min), with the second sample

taken 2 h after time zero. CP concentration in the bath

samples was determined by electrometric titration, and

the Na" concentration was assayed by flame photometry.

To measure the net loss of titratable base (Jn^), samples

were sonicated to remove respiratory CO:. The samples

were titrated to pH 4.5 with standardized 5 mM HCl, and

the difference between initial and final buffer capacity

was used to calculate net base production (Dietz and

Branton, 1979).

Ion transport

Unidirectional influx (J, ) was calculated from the disap-

pearance of isotope (specific activity for ""Na* or """Cr

was 2000 to 3000 CPM/^M ) from the bathing medium,

as previously described (Dietz, 1978; Graves and Dietz,

1982). Radioactivity was assayed with a liquid scintilla-

tion counter using cocktail based on Triton X-1 14/xylene

(Wiegman et al.. 1975). Net flux (}„ ) was estimated from

the changes in bath ion concentration and normalized to

g ' dry weight h ' (Dietz, 1978). To minimize the back

flux of isotope, the bath volume was small (30 ml) to

allow rapid changes in the radioactivity of the bath with

limited isotope accumulating in the body fluids (Dietz,

1978).

In the study of Cr transport kinetics, the unidirectional

CI influx (J,*^') was determined by a modification of the

conventional methods described above. Because of the

lack of sensitivity of the CP titrator, the CI net flux

cannot be accurately measured if the CI" concentration

is less than 0.2 mM. This problem can be overcome by

using a modified procedure, in which CP influx is deter-

mined from the change in ""CP in the bath divided by

""CP specific activity and normalized to grams of dry

tissue. The bath CP concentration was measured in the

initial stock solution and dilutions were assumed to have

the same specific activity. We measured CI fluxes over

the concentration range of 0.13 mA/ to 12.00 mM. To
compare the two methods for determining CP influx, we
calculated fluxes for animals exposed to six different CP
concentrations and found no significant differences be-

tween these two data sets (P > 0.25). The agreement

between these two rather independent estimates of CP
influx thus validates our methods.

Administration of drugs

Serotonin (5-hydroxytryptamine, 5HT) was added di-

rectly to the bathing medium at a final concentration of

0.1 mM. The pH of the solution was adjusted to 7.3 with

NaOH after the addition of 5HT. Serotonin has been

shown to stimulate Na"^ and CP uptake in other freshwa-

ter bivalves (see Dietz et al.. 1982; Horohov et al., 1992).

Acetazolamide (N-(5-sulfamoyl- 1 ,3,4-thiadiazol-2-yl)-

acetamide, AZ) has been shown to alter ion fluxes in

bivalves (see Henry and Saintsing, 1983). AZ was dis-

solved in bathing medium, and the animals were im-

mersed in the solution at a final AZ concentration of

0.5 niM for 12 h before the experiments. No AZ was

added to bathing medium during the flux measurement.

Statistics

Data were expressed as mean ± standard error. In the

study of CP transport kinetics, a rectangular hyperbolic

function was chosen to fit the data (Inplot), and the Stu-

dent's Mest was employed to examine the differences

between the parameters of the function. In the studies of

CP and Na* flux relationships, we employed a two-level

factorial experimental design. These data were analyzed

with SAS using a general linear model or a linear regres-

sion model. Differences were considered to be significant

if the corresponding P value was equal to or less than

0.05.
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Results

Chloride transport kinetics

The rate of unidirectional Cr influx was dependent

on the external C\ concentration for both pondwater-

acclimated (PWA) and salt-depleted (SD) C. fluminea

(Fig. 1 ). When exposed to a range of NaCl concentrations,

both PWA and SD animals displayed saturation kinetics.

The cr uptake rate in PWA C. fluminea can be described

by a Michaelis-Menten rectangular hyperbolic function [R

> 0.95) with the maximum C\ influx being the transport

capacity (Jmax) and the Cl" concentration at half of the

Jmax representing the transport affinity (Kn, ). The J,„ax for

PWA animals was 7.46 ± 0.94 //eq g"' dry tissue h~' and

the K„, was 0.22 ± 0.15 niM. The CP influx in animals

subjected to 2 weeks of salt depletion overlapped with that

of PWA animals, and there was no significant difference

between the two groups (P > 0.25). The hemolymph Cl"

and Na* concentrations in animals subjected to 2 weeks of

salt depletion were 20.2 ± 0.20 mM and 26.2 ± 0.3 1 mM.
respectively. There was no statistical difference in the

Cl" and Na* concentrations from PWA C. fluminea stored

in the lab for the same period of time (20.9 ± 0.48 mM
and 26.5 ± 0.31 mM for Cl" and Na*. respectively, n =

25-30, f > 0. 1). Therefore, both data sets were combined

to represent the Cl uptake kinetics for PWA animals.

This combined transport capacity and the corresponding

transport affinity were calculated to be 7.00 ± 0.51 ^eq
g"' dry tissue h"' and 0.21 ± 0.08 mM. respectively.

Salt depletion of 4 weeks or longer resulted in the

elevation of unidirectional Cl uptake and a significant

(P < 0.01 ) reduction in hemolymph Cl" and Na* concen-

trations (17.1 ± 0.23 mM and 22.5 ± 0.19 mM for Cl"

and Na* after 4 weeks of SD. respectively, n = 25-30).

The Cl" influx of the animals subjected to salt depletion

for 4 weeks or longer was consistently higher than that

of the PWA animals for all Cl" concentrations tested.

Compared to PWA animals. 4-week SD animals had an

estimated increase in maximal Cl" influx (J„,.,x = 10.85

± 0.91 fieq g~' dry tissue h"') of about 50%, and 8-week

SD animals had about an 85% increase (J,„ax = 13.49 ±

OAb fieq g ' dry tissue h"'). Animals subjected to 8

weeks of salt depletion exhibited higher net Cl" uptake

rates than those found in animals salt-depleted for 4

weeks. Although the increase of the transport capacity in

SD animals was substantial, the transport affinity for Cl"

was not changed significantly.

The relationship between Cl and Na* transport and

the effects of 5HT on PWA animals

Chloride transport was not affected by the absence of

external Na* but was significantly stimulated by 5HT in

PWA C. fluminea (Table 1). With 5HT in the bath, animals

displayed active siphoning, valve gaping, and extension

of the foot as noted in other bivalves (Scheide and Dietz,

1984). Serotonin significantly increased influx and net

flux of Cl" with little change in efflux compared to control

Corhicula. Cl net flux increased about 3.2 and 3.1 ^eq
g"' dry tissue h ' and influx about 2.0 and 2.3 /jeq g"'

dry tissue h"' in PW and Na*-free PW bathing medium,

respectively. No statistical interactions were found be-

tween external Na* and 5HT (Na*/5HT), suggesting that

the effect of 5HT on Cl" transport was independent

of Na^.

3 4 5

Chloride concentration mM

Figure 1. Effects of CP concentration on the average unidirectional Cl" influx in pondwater-acchmated

(PWA) and sah-depleted (SD) Corbiciihi fluminea. Each point represent.s the mean and standard error of

measurements for 5 animals. Down triangles (A); PWA animals. J„„ = 7.46 ± 0.94 /jeq g ' dry tissue

h"'. K„ = 0.22 ± 0.1.5 mM: Squares (B): SD for 2 weeks, J„,„ = 6.63 ± 0.59 /xeq g"' dry tissue h"'. K„,

= 0.18 ± 0.!0 niA/.- Circles (C): SD for 4 weeks. J„„ = 10.85 ± 0.91 ^eq g"' dry tissue h"'. K„, = 0.20

± 0.17 mM: Up tnangles (D): SD for 8 weeks. J„„ = 13.49 ± 1.06 ^eq g"' dry tissue h~'. K„, = 0.10 ±

0. 1 2 mM.
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Table I

The effects of serotonin (5HT) and external Na* on Cr transport and net fliLX of

5HT was added to the bathing solution at a final concentration of 0. 1 mM



FRESHWATER MUSSEL Na* AND Cl" TRANSPORT 165

Table III

The effects of acetazolumide lAZ) ami external Na^ on Cr transport and net flux of titratahle base in salt-depleted Corbicula tluminea; the

animals were pre-treated for 12 h before the experiments with AZ added to the bathing solution at a final ameentration of (K5 iiiM (N<i AZ was

added to the balhinf> solution dnrinf> the experiments)

+ Na* -Na' F-lest

Flux -AZ +AZ -AZ +AZ tNa* tAZ

••o

•'n

3.89 ± 1.18

6.41 ± 1.07

2.52 ± 0.62

-6.95 ± 1.37

2.17 ± 0.88

7.77 ± 0.68

5.60 ± 0.89

10.83 ± 1.08

4.46 ± 0.77

5.27 ± 0.57

0.81 ± 0.51

-5.65 ± 0.69

1.73 ± 0.59

8.55 ± 0.60

6.82 ± 0.73

-8.83 ± 0.48

NaVAZ

Data are means and standard errors of measurements for 10 animals and are expressed as peq g ' dry tissue h '. J„, net flux; J,, influx; J,,, elflux;

superscnpts denote flux as either for chloride (CI) or for titratahle base (B). *: P < 0.05, **: P < 0.01. NaVAZ: mteraction between Na* and AZ.

Na"" efflux was also elevated by AZ— by about 1 .8 /jeq

g^' dry tissue h ' in the presence of external CI and

3.6 fteq g ' dry tissue h ' in the absence of external CI

(Table IV). Net flux remained unchanged owing to the

small but significant increase in Na* influx by AZ treat-

ment.

Unlike PWA C. fluminea. in which CI and Na* trans-

port were independent as described above, the CI" and

Na* transport in SD animals appeared to be more interre-

lated (Table IV). Although CP uptake was Na'^-indepen-

dent in SD C. fliiiiiiiiea. as indicated by the lack of alter-

ation of CI influx by the absence of external Na*. Na*

uptake was significantly reduced by the absence of exter-

nal Cr. With or without exposure to AZ, there was a 3

to 4 jueq g"
' dry tissue h ' reduction in Na* influx in

the absence of external C\ . resulting in the signirtcant

decrease in the Na* net flux. This suggests that the com-

J " neq g dry tissue h

Figure 2. Relationship between net fluxes of CI and Na* in pond-

water-acclimated Corbicula fiimiinea. J„, net flux, expressed as /jeq g*'

dry tissue h^'. J„'' = -1.73 -^ (0.79) J„'~'", R = 0.85, n = 35, P < 0.01.

ponent of Na* uptake stimulated by salt depletion is at

least partially dependent on the presence of external CI".

As shown in Tables III and IV, the effect of AZ on

base net flux was consistent in the two experiments with

SD C. fluminea. AZ significantly increased the net loss

of titratable base. The increase of net base flux was about

4 //eq g ' dry tissue h ' in PW medium, 3.2 peq g ' dry

tissue h^' in Na*-free bathing medium, and 1.9 peq g"'

dry tissue h ' in Cl-free bathing medium. No statistical

interaction between external CP or Na* and AZ was

observed, indicating that the net flux of base was not

affected by the absence of external CI or Na*.

In both PWA and SD C. fluminea. the net flux of titrat-

able base was not affected by the absence of external CI".

However, a regression between CI" influx and net flux of

base from individual animals demonstrated a significant

linear relationship (Fig. 3. R = 0.7S and 0.82 for SD and

PWA animals, respectively, f < 0.01 ). In all experiments,

a greater CI influx conelated with a greater base net

flux. The slope of the regression for PWA animals was

not statistically different from that of SD animals, sug-

gesting that the relationship between CI influx and base

net flux is stoichiometrically similar in both acclimation

conditions.

Discussion

The relationship between CI' and Na'^ transport

ill C. fluminea

Na* transport in C. fluminea may be CP-independent

or Cl-dependent, depending on the acclimation condi-

tions. Na* transport and the component of Na* active

uptake stimulated by 5HT were Cl-independent in PWA
(pondwater-acclimated) animals. However, a substantial

fraction of Na* uptake in SD (salt-depleted) C. fluminea

depended on the presence of external CI". These data

indicate that multiple pathways for Na* uptake may exist
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Table IV

The effects of acetazolamide (AZ) and external CI' on Na* transport and net flux of titratable base in salt-depleted Corbicula fluminea; the

animals were pre-treated for 12 h before the experiments with AZ added to the bathing solution at a final concentration of 0.5 mM (no AZ was

added to the bathing solution during the experiments)

+ C1 -c\- F-test

Flux
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Dietz, 1980). However, exchange diffusion of C\ was

not significant in C. fluminea, because 5HT significantly

increased CI influx and net flux with no change in CI"

efflux. In this study we observed a stoichiometric C\l

HCO3" exchange (Fig. 3) and the small but consistent

decrease of average net base flux in the absence of exter-

nal Cr (Table II).

The stimulation of net flux of titratable base by 5HT
has not been reported previously in freshwater bivalves.

In this study, the net flux of titratable base was measured

by determining the amount of exogenous acid required

to titrate the base in the bathing solution. However, the

amount of exogenous acid required can be affected by

the amount of endogenous proton released from the bi-

valve into the bathing solution. Therefore, the net change

of titratable base reflects the combined results of the activ-

ities of Cr/HCO_r exchanger. Na*/H* antiporter, and

H*-ATPase in renal and extrarenal (gills) tissue. The

stimulation of Na^ uptake may extrude more protons,

presumably through Na'^/H* antiporter or H'^-pump (or

both), that would autotitrate the base in the bathing solu-

tion. The activation of C\ uptake would elevate the

amount of base in the medium via Cr/HCO," exchanger.

In PWA C. flumineci. 5HT significantly increased the net

flux of titratable base, and the increase was enhanced

when Na* was not present in the bathing medium (Ta-

ble I).

Although the increase of Na* and CP uptake by 5HT

accounts for some fraction of the alteration of net base

flux, a substantial proportion of the net base flux that was

stimulated by 5HT was independent of the uptake of Na*

and cr. This was indicated by the observation that in

the absence of external Na* or C\ there was a persistent

loss of base that was elevated by 5HT (Tables I and II).

The mechanism for the elevation of base loss by 5HT is

not clear. It could be an indirect result of the increased

amount of HCO, filtered by the renal tissue (Dietz and

Byrne, 1997). 5HT appears to be a ""universar" stimulator

of freshwater bivalves including C. fluminea. Its effects

on freshwater mussels include increases in gill ciliary

activity, foot movement, and valve closure; gill muscle

relaxation; and induction of spawning and other reproduc-

tive activities (Scheide and Dietz, 1984; Gardiner et ah.

1991; Fong et al.. 1993. 1994). The stimulation of all

these activities may increase metabolic COj production

and result in the elevation of blood HCOj" due to the

hydration of CO.. Alternatively. 5HT may directly stimu-

late HCOr excretion in the renal tissue of C. fluminea.

The effects ofAZ on ion tran.sport in C. fluminea

Whereas 5HT acts on the CI" and Na"^ uptake process

in the gills of SD C. fluminea. AZ works predominantly

on the CI and Na' exit pathway. AZ depressed CI

transport of ,SD C. fluminea by exerting a greater influence

on the efflux of the ion than on its influx. The significant

increase in CI" efflux produced by AZ in this study is

consistent with the results of previous studies of the fresh-

water mussels Toxolasma texasensis and Ligumia subros-

trata (Dietz and Branton. 1979; Henry and Saintsing.

1983). An increase in CI" influx, on the other hand, has

not been previously reported as an effect of AZ. AZ has

been shown to inhibit Na* transport by reducing the influx

in Ligumia suhrostrata (Henry and Saintsing. 1983). In

SD C. fluminea, however. AZ exerted its effect exclu-

sively on the Na* efflux, and no evidence of a reduction

in influx was observed. This disagreement may be due to

the species differences in response to AZ or in the Na*

uptake process.

The effect of AZ on the flux of titratable base has not

been reported previously in freshwater bivalves. In SD
C. fluminea. AZ significantly increased the net loss of

base. Although gill epithelia are an important site for the

exit of HCO," and H* through the exchange activities,

filtration and excretion by the renal tissue is also a sig-

nificant process in the regulation of acid and base balance.

An increase of blood HCO," by AZ treatment has been

demonstrated in C. fluminea and other freshwater mussels

(Henry and Saintsing. 1983). The blockage of HCO3"

exit pathways in the gill epithelia would result in the

accumulation of HCO, in the blood (Byrne and Dietz,

1997) and increase the amount of HCO," being subjected

to filtration and excretion by the renal tissue.

CI transport kinetics

Unidirectional ion uptake depends on the coixespond-

ing external ion concentration and displays saturation ki-

netics in the freshwater bivalves studied (Dietz, 1978;

Dietz and Branton, 1979; McCorkle and Dietz, 1980;

Dietz and Byrne, 1990; Dietz and Hagar, 1990; Wilcox

and Dietz, 1995). A high ion transport capacity (Jn.ax)

seems to be a common characteristic in C. fluminea. The

cr transport capacity is about 7 times higher in C. flumi-

nea than in the unionids Toxolasma texasensis and Li-

gumia suhrostrata (Dietz and Branton, 1979; this study).

In this study. CI" transport capacity was estimated to

be increased 50% and 85% after salt depletion for 4 and

8 weeks, respectively. Two weeks of salt depletion is

sufficient to stimulate the rate of ion uptake in most

unionid clams, and even less time is required in zebra

mussels (Dietz, 1985; Horohov et al.. 1992; Dietz et al..

1994). For C. fluminea, however, a significant elevation

of cr influx requires at least 4 weeks of salt depletion.

The prolonged time requirement suggests that this species

has a low epithelial permeability to ions (Zheng and Dietz,

1998). The transport affinity for CI" that we measured in

this study is about 0.2 mM for PWA and SD C. fluminea.
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The elevation in ion transport capacity with Httie change

in transport affinity suggests that more epithelial transport

sites are activated during salt depletion.

Studies of transport kinetics using radioactive Rb as a

substitute tracer for K in the zebra mussel, Dreisseiui

polymorpha. have revealed a greater proportion of diffu-

sive uptake at higher external Rb concentrations (Wilcox

and Dietz, 1995). The ion concentrations used in transport

kinetic studies in freshwater bivalves is usually under

3 mM. In this study, we applied CP concentrations up

to 1 2 mM in an attempt to identify a passive diffusion

component of CP uptake. Passive diffusion would appear

as a linear increase in flux at higher ion concentrations

(see Wilcox and Dietz, 1995). A Michaelis-Menten rect-

angular hyperbolic function tit the CI influx data for

PWA C. fliiminea very well (R > 0.95), with no evidence

of a diffusive component. An attempt to study fluxes at

higher C\ concentrations (up to 20 mM) was unsuccess-

ful because the animals did not open their valves.

The characteristics of CP uptake in C. fliiminea reveal

differences compared with those of other freshwater bi-

valves such as unionids and zebra mussels (Dietz and

Branton, 1979; Dietz et al.. 1995: Byrne and Dietz, 1997;

Zheng and Dietz, 1998). The epithelium of C. fluminea

is much ""tighter"" than that of unionids or zebra mussels.

The tight, or low, permeability of the epithelium in this

species is reflected by the longer time required for salt

depletion and the lack of evidence for a passive diffusion

component in CP uptake. C. fluminea has a higher blood

osmolality than do unionids and zebra mussels and has

been reported to inhabit brackish water with salinities as

high as 5%c (Filice, 1958; Hayashi, 1956; Keen and

Casey, 1969). In addition, this species is very tolerant of

salt depletion and can be kept in deionized water for

several months with little mortality (McCorkle and Dietz,

1980). Thus, C. fluminea can tolerate a much broader

range of ambient osmolality than unionid clams and zebra

mussels.
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Abstract. Two species of freshwater bivalve were ex-

posed to hyperosmotic solutions of various noneJectrolytes

to compare the piuacellular permeability of their gill epithe-

Ua. In Corbiciilafluminea. exposure resulted in an elevation

of blood solutes that was primarily due to dehydration.

After 36 h of exposure, the concentration of Na in the blood

decreased precipitously, and the nonelectrolyte accumu-

lated. When lanthanum was added to the solution as a

diffusion tracer, its electron-dense precipitate was rarely

observed to penetrate the paracellular spaces of the gill

epithelial cells in the absence of hyperosmotic stress. In

contrast, precipitated lanthanum was commonly observed

in the paracellular junctional complexes of the gill in ani-

mals that were subjected to hyperosmotic conditions.

When the second species, To.xolasma te.xasensis. was

exposed to hyperosmotic solutions of nonelectrolyte, de-

hydration appeared to be minimal and a seemingly normal

concentration of ions was maintained in the blood. This,

however, was because of the simultaneous loss of ions

and water and a small gain in nonelectrolytes. Longer

exposure ( 12 h or more) produced a precipitous decrease

in most blood solutes and an extensive accumulation of

nonelectrolyte. More lanthanum precipitate was seen in

the paracellular spaces of both control and hyperosmot-

ically stressed T. texasensis than in identically treated C.

fluminea. We conclude that the epithelial junctions found

in C. fluminea are relatively tight, which probably con-

tributes to the ability of this species to maintain the solute

in its body fluid at concentrations higher than are possible

in T. texasensis.

Introduction

The paracellular pathway is the site of the high electri-

cal conductance of "leaky"" epithelia in vertebrates

Received 11 September 1997; accepted 16 January 1998.

(Fromter and Diamond, 1972). This particular pathway

is usually limited by tight junctions, and can operate as

a simple "gate"" in several epithelia (Diamond, 1977).

Paracellular movement of solute has been demonstrated

in the epithelia of vertebrate gallbladder, small intestine,

and proximal renal tubules (Boulpaep, 1971; Barry et al.,

197 1 ; Fromter and Diamond 1972). In molluscs and some

other invertebrates, the septate junction performs a func-

tion similar to that of the vertebrate tight junction (Lord

and DiBona. 1976). When dehydrated, the terrestrial slug

Lelunannia valentiana displays rapid water uptake and

accumulates nonelectrolytes (mannitol and inulin)

through paracellular pathways in the foot epithelium (Ug-

lem et al.. 1985). In the intestine of the sea slug Aplysia

Juliana, the paracellular pathway constitutes the major

conductive route for both Na and Ci (Gerencser, 1982).

In recent studies, the gill epithelia of Dreissena poly-

morplia (zebra mussel) have demonstrated unusually

"leaky"" characteristics (Dietz et al.. 1995; Dietz et al.,

1997). When exposed to solutions that were hyperosmotic

to their blood, individuals of this freshwater species experi-

enced substantial solute movement through paracellular

pathways. Following exposure to hyperosmotic but low

ionic strength solutions ( 100 niM) of mannitol. glucose, or

sucrose. D. polymorpha specimens lost 80%-85% of their

blood Na and CI within 12 h, with concomitant accumula-

tion of the nonelectrolytes from the bathing medium

through the paracellular pathway (Dietz et al.. 1995; Dietz

('/ al.. 1997). Finally, D. polymorpha also has a substantial

diffusive uptake of Rb from hyposmotic solutions (Wilcox

and Dietz, 1995). Paracellular solute movement has not

been assessed in any other species of freshwater bivalve.

Corbicula fluminea (Miiller) belongs to the family Cor-

biculidae and entered fresh water during the Pleistocene

(Keen and Casey, 1969). C. fluminea has been reported

to inhabit brackish water up to 5%f salinity although it is

170
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considered to be a freshwater species (Filice, 1958: Ha-

yashi, 1956). C. fliiminea has a higher blood osmolality,

a higher rate of ion transport, and a different blood ionic

composition than unionid mussels (McCorkle and Dietz,

1980; Dietz 1985: Dietz et al. 1996: Zheng and Dietz,

1998). In contrast to the corbiculids, the unionid bivalves

invaded fresh water in the Triassic (Keen and Casey,

1969). The unionid To.xolasma texasensis (Lea) and the

corbiculid C. fluminea may have evolved different epithe-

lial characteristics and. thus, were chosen as bivalve mod-

els for a comparative study of paracellular permeability.

In this study, we demonstrate that C. fluminea epithelia

were relatively non-leaky during a 36-h exposure to a

hyperosmotic nonelectrolyte challenge. After the 36-h hy-

perosmotic challenge the epithelia became selectively

leaky, allowing the mussel to gain nonelectrolytes and

lose ions, primarily Na. In contrast, T. texasensis speci-

mens subjected to similar hyperosmotic conditions had

relatively leaky epithelia: they gained nonelectrolytes

within 4h and lost most of the ions from their blood

within 12 h.

Materials and Methods

Animals

Corbicula fluminea was collected, under permit, from

the Tangipahoa river in Mississippi. Most Toxolasma

(Canmculina) texasensis and some C. fluminea were ob-

tained under permit from ponds in Louisiana. The animals

were acclimated to an aerated artificial pondwater (PW)

containing (in mM) 0.5 NaCl, 0.4CaCl2, 0.2NaHCO,.

and 0.05 KCl at 22°-25°C for at least 1 week before use.

Blood analyses

Blood was collected anaerobically by cardiac puncture

(Fyhn and Costlow, 1975) and centrifuged 1 min at 8000

X g. The supernatant was used for solute determinations.

Total solute was measured by freezing point depression

on undiluted samples. Concentrations of K and Na were

measured by flame photometry. CI by electrometric titra-

tion, and Ca and Mg by atomic absorption spectrophotom-

etry on samples diluted with LaOj/HCl. The nonspecific

phenol/sulfuric acid method was used for rapidly measur-

ing total sugar concentration in large numbers of samples

(Montgomery. 1957), and glucose was measured, using

a specific glucose kinase procedure (Sigma Chemical), for

some samples. Mannitol concentration was determined

by HPLC separation using a normal phase APS-hypersil

column and a refractive index detector (Gade, 1991 : Dietz

et al., 1995). A 5-^/1 sample of blood in 45 ^1 of acetoni-

trile was injected onto the column. Mannitol concentra-

tions calculated from the HPLC chromatography peak

area had less than 5% error.

Ion transport

Net ion flux ( J„ ) was calculated from the change in ion

concentration of the bath (Dietz, 1978). The animals were

rinsed with deionized water for about 30 min. then each

specimen was transferred to a separate 50-ml beaker with

appropriate bathing medium. Bath samples were collected

at 6-h intervals, and J„ was calculated and expressed as

fjeq g ' dry tissue h '.

Hyperosmotic conditions and paracellular permeability

Artificial pondwater containing 100 mM mannitol or

glucose was used to establish an osmotic gradient without

the confounding effect of an elevation of ion concentra-

tion in the bath. Each specimen was placed in a separate

50-ml beaker with the indicated bathing medium during

an experiment. All animals opened their valves, siphoned

the medium, and survived the treatment in hyperosmotic

nonelectrolyte solutions. In some experiments, sucrose

was used as an osmotic stressor and lanthanum was added

to the PW as an electron-dense diffusion tracer to stain

the paracellular spaces for electron microscopy (Dietz et

al., 1995: 1997). Animals were exposed to CO-free PW
containing 0.1 mM LaClj and 100 mM sucrose for 2 h or

12 h. Lanthanum carbonate forms an insoluble precipitate

at the site of La contact with endogenous HCO,. The

total solute was measured on blood samples collected

from the sucrose-treated animals and from controls ex-

posed to the same solution without sucrose. Gills were

excised and fixed for 2 h in 2% glutaraldehyde prepared

with a phosphate buffer that was isosmotic with the blood

of each specimen, and adjusted to pH 7.3 (Gardiner et

cd., 1991). Tissues were rinsed with a buffer, exposed to

1% osmium tetroxide for 1 h, and dehydrated in an etha-

nol series. The tissues were infiltrated with 50'7f LR White

resin in ethanol overnight, transferred to 100% LR White

resin (2-3 changes), and polymerized at 59°C overnight.

Tissues were thin sectioned with an ultramicrotome (50-

70 nm). and examined with a JEOL CX-100 transmission

electron microscope operating at 40 or 80 keV without

further contrasting with heavy metals.

Statistical analyses

Data were expressed as the mean ± the standard error

of the mean, with the number of animals in parentheses.

Statistical significance was determined by one-way AN-

OVA or Student's t test. For some data sets in which

larger variances were unequal, the data were transformed

by the natural log (Ln) for the statistical analysis.

Results

The responses of C. fluminea to hyperosmotic stress

Mannitol. Analysis of the blood from animals exposed

to 100 mM mannitol in pondwater demonstrated that hy-
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perosmotic stress induced an elevation in tiie ion concen-

trations, increasing the total solute concentration (Table

I). After 12 h exposure to 100 mM mannitol in PW. os-

molality and all ion concentrations in the blood of the

animals were significantly elevated, with the exception

of K. The average net flux of Na and CI was unchanged

during the initial 12 h of the experiment [control: J„^" =

0.30 ± 0.20, J,,^' = 0.78 ± 0.16 (n = 6); treated: J,,^' =

0.13 ± 0.12, J„''' = 0.63 ± 0.09 (n = 6) /veq g"' dry

tissue h '], indicating that the rise in body-fluid solute

concentrations was primarily due to dehydration.

A small amount of mannitol was detected in the blood

after 12 h of exposure to 100 mM mannitol, but after

24 h of exposure the mannitol concentration increased

significantly (Table I). These data suggest that the perme-

ability of the epithelium changed after prolonged expo-

sure to the hyperosmotic 100 mM mannitol solution. Al-

though the Na concentration in the blood rose further

during the 12- to 24-h exposure to hyperosmotic mannitol.

there was no difference between the 12-h and 24-h treat-

ment groups for the other ions. These data are consistent

with a prolonged osmotic loss of water and a dehydration-

induced elevation of ion concentrations in the blood. The

penetration of mannitol into the body fluids was likely

via paracellular routes (see below).

Glucose. Glucose was selected as an alternate nonelec-

trolyte to induce a hyperosmotic challenge as it allowed

more rapid chemical analysis. In most cases the changes

of ion concentration in the blood that were induced within

24 h of exposure to hyperosmotic glucose solutions were

similar to those produced by mannitol (Table II). At 12 h

of exposure to 100 mM glucose, the osmolality and the

concentrations of all ions except K were significantly ele-

vated in the blood. With the exception of calcium, which

continued to rise during the 24 h of exposure, the other

ions in the blood showed no further concentration changes

Table I

Comparisons of ion concentrations, total solute, anil the

accumulation of mannitol in the blood of C. fluminea over different

periods of exposure to 100 niM mannitol in pondwater
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Table II

Comparisons of ion concentrarions. total solute, and the accumulation of i;lmose in the Hood ofC. fluminea over different exposure limes to

100 mM glucose in pondwater

100 mM glucose

Solute
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Figure 1. Transmission electron micrographs of gills from Corbicula Jiuminea (A-D) and Toxolasma

texasensis (E-G) exposed to solutions containing 0.1 mM lanthanum. All sections are unstained, and the

apical surface is at the top of each micrograph. The calibration bar for all micrographs is at the bottom

right comer. (A) Gill epithelium from a C.flwninea specimen that was exposed to lanthanum in pondwater

for 12 h (control). A small deposit of electron-dense lanthanum precipitate is in the lateral (paracellular)

space between cells in the center of the micrograph (arrowhead); bar = 0.46 ^m. (B) Gill epithelium from

an animal that was exposed to 100 mM sucrose in pondwater for 2 h. Small amounts of lanthanum deposits

are noticeable in the space between cells (arrowheads); bar = 0.23 ^lm. (C) Gill epithelium from an animal

that was exposed to 100 mM sucrose in pondwater for 12 h. Extensive electron-dense lanthanum deposits

are present in the space between cells (arrowheads); bar = 0.24 ^m. (D) A different region of the same

tissue appears more condensed, and a series of lanthanum-containing "blisters" are seen in the lateral

membrane region between the epithelial cells (arrows). These blisters may appear as vesicles that are

incorporating portions of lateral membranes; bar = 0.89 nm. (E) Gill epithelium from a T. texasensis

specimen that was exposed to lanthanum in pondwater for 12 h (control). Close to the bottom of the

micrograph are lanthanum deposits in the lateral space between cells (arrowheads); bar = 0.49 //m. (F)

Gill epithelium from an animal that was exposed to 100 mM sucrose in pondwater for 2 h. Electron-dense

lanthanum deposits are present in the paracellular space between cells (arrowheads); bar = 0.31 fim. (G)

Gill epithelium from an animal that was exposed to 100 mM sucrose in pondwater for 12 h. Extensive

electron-dense precipitates of lanthanum are found in the paracellular spaces (arrowheads). Lanthanum-

containing blisters are present on the right side of the micrograph (arrow); bar = 0.31 ^m.
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changes were not due to deterioration of the cells or tis-

sues. We have observed that although Dreissena poly-

luorpha has the highest paracellular permeability to non-

electrolytes among the bivalves that have been studied,

it will survive for more than 2 weeks in 100 mM mannitol

with little mortality (unpubl. obs.).

The most notable difference between T. texu.sensis and

C. fluminea is that the former has a lower resistance to

long-term hyperosmotic challenge: the difference is prob-

ably due to the relative leakiness of the epithelia in the

two species. The major change in epithelial permeability

occurred after only 8 h of exposure of T. tcxasensis to

hyperosmotic glucose, at which time an acute decrease

of solutes occurred concomitant with the rapid rise of

glucose concentration in the blood. The leakiness was

confirmed by the high net loss of Na and CI from the

mussels. As in C. fiiimiiica. the increased epithelial per-

meability was mostly paracellular. as suggested by the

increase in lanthanum precipitates between the intercellu-

lar spaces after hyperosmotic treatments. Unlike C. flu-

minea. T. te.xasensis was not able to retain its blood ions

after the abrupt change of epithelial permeability. After

12 h of exposure to the hyperosmotic glucose, more than

75% of the ionic solutes were lost from the blood. Further-

more, the loss of the solutes from the blood was relatively

nonselective.

Another significant difference is that instead of experi-

encing an elevation in concentration of the ions in the

blood due to dehydration, T. te.xasensis maintained a

nearly normal ion concentration for a short exposure (up

to 8 h) to a hyperosmotic challenge of glucose. The appar-

ent maintenance of the ion concentration in the blood

was coupled with a comparatively low accumulation of

glucose in the blood, suggesting that the paracellular per-

meability was initially relatively low. The slightly in-

creased osmolality was attributed to the small amount

of glucose that accumulated in the blood. Despite the

dehydrating hyperosmotic conditions, there was no evi-

dence of an elevation in the concentration of ions in the

blood of T. te.xasensis. These results suggest that the mus-

sels were losing body fluids so that there was a concomi-

tant loss of solutes and water, as was observed previously

in D. polyniorplia (Dietz et al.. 1995). This hypothesis is

consistent with the net loss of Na and CI observed during

the hyperosmotic challenge.

The physiological responses of T. te.xasensis to hyper-

osmotic stress are intermediate, but more similar to those

of D. polyinorplia (Dietz et al.. 1995) than of C. fluminea.

In D. polymorpha. approximately 80% to 85% of the Na
and CI in the blood was lost after 12 h of exposure to

lOOmM mannitol or glucose in pondwater. Within 4h
of exposure to hyperosmotic conditions, total solute was

elevated due to the gain of glucose or mannitol in the

blood and not to a dehydration-induced elevation of ion

concentration. The responses of T. te.xasensis to hyperos-

motic challenge are similar to those of D. palymorplia in

at least two respects. For short-term hyperosmotic expo-

sure, in neither species was there a significant elevation

in the concentration of ions in the blood by dehydration.

In addition, during 12 h of hyperosmotic challenge both

species displayed a substantial increase in the paracellular

permeability of the epithelium, allowing the outward loss

of electrolytes and the simultaneous inward diffusion of

nonelectrolytes from the bathing medium.

In both species, the concentration of potassium in the

blood either remained constant as the concentration of

other ions increased, or it decreased. These results are

consistent with a redistribution of K to the intracellular

compartment to provide solute for regulating cellular vol-

ume. Similar results were observed in D. polymorpha

subjected to hyperosmotic challenge (Dietz et ah, 1997,

1998). The elevated Ca concentration in the blood of C.

fluminea likely represents a mobilization of Ca from the

shell (Byrne et al.. 1989).

The tolerance of freshwater bivalves to an osmotic

challenge might reflect their habitats and possibly their

origin. C. fluminea has been reported to inhabit brackish

water up to 5%( salinity, although it is a freshwater species

(Filice, 1958; Hayashi, 1956). Compared to unionid

clams, corbiculids are able to maintain a higher osmolality

(Dietz, 1979; McCorkle and Dietz, 1980; Zheng and

Dietz, 1998). The characteristics of relatively lower para-

cellular permeability of the epithelia and higher ion trans-

port rates allow C. fluminea to maintain the solutes in its

blood at a higher concentration than that found in the

unionid clam T. te.xasensis. Thus. C. fluminea is less sensi-

tive than T. texasensis to osmotic stress and more resistant

to environmental osmotic challenges.
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Abstract. The gastrovascular system in the Red Sea

soft coral Pareiythropodiiim fidvum fulviim comprises

two interconnected networks of canals filled with fluid

and circulating cells. The first network is composed of

narrow canals (50-80 /jm in width) located below the

upper ectodermal layer; the second network includes

larger canals (300-500 pm in width) that are located

deeper in the coral tissue. Particle movement in the second

network is faster than in the superficial network, but in

both, coral cells with and without healthy zooxanthellae

circulate freely. To investigate the movement of metabo-

lites and cellular components within the colony, coral

fragments were exposed to '''C-labeled seawater for 24 h

in the laboratory and in situ under saturating photosyn-

thetic photon flux and then grafted back to their original

colonies. Grafts fused after 24 h. In the laboratory experi-

ment, up to 45% of the fixed '"*€ was translocated to the

unlabeled colony within 48 h after fusion. In the in situ

experiment, significant translocation of labeled materials

occurred at the furthest parts of the colonies, 390 mm
away from the fusion line, in 24 h. Even though the

amount of labeling varied between colonies, labeled mate-

rial spread throughout all the unlabeled parts. It thus ap-

pears that the gastrovascular system in Pareiythropodium

fulvuni fidvum functions as an effective circulatory appa-

ratus for fast translocation of organic compounds and

cellular components within the colony.

Introduction

Corals are mostly colonial cnidarians composed of

modular units (polyps) that, in a single colony, are physi-
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cally connected and generally share similar physiological

and biochemical environments. Translocation of organic

compounds between polyps could result from diffusion

down a concentration gradient (Pratt. 1905; Murdoch,

1978a; Fang et ai. 1989) or from active transport in the

fluid of the gastrova.scular system (Gladfelter. 1983;

Schlichter, 1991, 1992).

Gastrovascular systems have been studied in several

cnidarian groups including hydromedusae (Roosen-

Runge. 1967). hydroids (Rees et ai, 1970; Blackstone.

1996). gorgonians (Murdoch. 1978a. b). pennatulids

(Musgrave. 1909; Parker, 1920; Brafield, 1969), hexacor-

allians (Gladfelter. 1983; Schlichter, 1991, 1992). and soft

corals (Pratt, 1905). These systems have been suggested

to function as ( 1 ) a hydrostatic skeleton allowing the col-

ony to expand or retract (Chapman. 1974; Fautin and

Mariscal. 1991 ). (2) a transport system for the distribution

of substances between polyps in which extracellular di-

gestion of organic material also takes place (Gladfelter.

1983; Schlichter, 1991, 1992), (3) a tran.sport system for

exchange of gases such as oxygen and carbon dioxide

(Brafield and Chapman. 1967; Chapman. 1972), (4) an

excretion system for waste metabolites (Schlichter, 1991 ),

and (5) a system that controls the morphological develop-

ment of colonies (Dudgeon and Buss, 1996). Gastrovascu-

lar systems have been described as ramified canal net-

works with blind ends and with back-and-forth movement

of the internal fluid (Blackstone, 1996) propelled by either

flagella (Gladfelter. 1983) or other mechanisms (Schier-

water et ai. 1992). In some corals, the gastrovascular

cavity is a flow-through system with many pores that are

located near the crests of the sclerosepta of the external

body wall and allow uni-directional movement of fluids

(Schlichter, 1991, 1992). Anthozoan and hydrozoan gas-

trovascular systems are distinguished one from the other

178
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(b)

Figure 1. General morphology ot the gaslrovascular system oi ParerylhropocHum fiihwn jnlvum. Super-

ficial (a) and deep (b) network of canals in live specimens growing on glass slides. In photograph (b) the

coral was positioned upside down with a strong back light to make the canals visible, m = mouth of a

polyp, c = canal. Scale bars = 500 /jm.

primarily by the presence of flagellated endodemial cells

lining the entire internal gastrovascular epithelium of the

anthozoans. This study refers mainly to the anthozoans.

Parenthropodiitiii fiilviim fiilviiin (Forskal. 1775), a

symbiotic alcyonarian soft coral characterized by an en-

crusting growth form, a thin coenenchyme. and short

polyp cavities, is common in shallow waters of the Israeli

Red Sea coast (Benayahu and Loya. 1983). To further

reveal the role of the gastrovascular system in this species,

we investigated the structure and some physiological

functions of this system. Here we document the free circu-

lation of living animal cells and zooxanthellae within the

gastrovascular system and the rapid transport of organic

substances between different parts of the colony. These

results suggest that the gastrovascular system in P. f. fiil-

vum is a functional circulatory apparatus.

Materials and Methods

Collection and maintenance of corals

Colonies of Parerythmpodiiim fitlriini fiilvum were col-

lected at depths between 3 and 1 2 m in the Red Sea, next

to the H. Steinitz Marine Biology Laboratory, Eilat, Israel.

This encrusting coral is about 6-mm thick when growing

on a straight surface; polyps emerge 3 to 10 mm from

the base when expanded and have an average density of

22.6 polyps cm - (SD = 6.2; « = 8 different colonies).

Colonies were carefully peeled off the substrate, re-

attached to glass slides by cotton threads, and transported

to the National Institute of Oceanography at Haifa, Israel.

The corals were grown in the laboratory in 17-1 aerated

aquaria filled with running, 20-/jm-filtered seawater at 24°

± rC. Photosynthetic photon flux (PPF) was provided by

500 W halogen lamps on a 12:12 h (light:dark) regime.

On the surface of the aquaria the PPF, measured with

a quantum meter (LI-COR, North Carolina), averaged

150/imol photon m "s '. which is approximately the

iiTadiance at a depth of 10 m in the Red Sea. Corals

were fed twice a day with either 50-/im microcapsules

of artificial plankton (Argent. Redmond. Washington).

Anemia nauplii (Neptune Industries, Salt Lake City,

Utah), or lyophilized rotifers.

Morphology

Specimens growing on the glass slides were observed

with a binocular dissecting microscope at magnifications

from lOx to 63 x. For light microscopy, samples were

fixed in 2.5% glutaraldehyde for 24 h. decalcified with

formic acid and sodium citrate for 30 min (Rinkevich and

Loya. 1979), dehydrated with ethanol, and embedded in

glycol methacrylate plastic. Histological sections (width

2-3 iim) were stained with hematoxylin and eosin (Ban-
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Figure 3. Scanning electron micrograph of the inner walls of a canal from the gastrovascular system

of Parenihropodium julvuin fulvum. (a) This sample was frozen and then fractured to show the inner part

of a canal, (b) Closer view of the inner wall covered with cilia, c = canal, ci = cilia, sp = spicula. Scale

bars: a = 100 ^m; b = 10 ^m.

cut 24 to 48 h before starting the experiments. The frag-

ments were incubated for 24 h in closed, transparent 1 -

1

plastic chambers filled with filtered (2 /i/m) .seawa-

ter containing NaH'"'C03 (Amersham. Nethedands;

O.Ol/jCiml') at 25°C under continuous illumination

(300 ^mol photon m " s^') and gentle stirring. Incubation

was followed by two to three rinses with '^C-free seawater

and placement in the dark to eliminate unfixed '^C. The

seawater was changed daily until no traces of radioactivity

were found in the medium, usually 2 days, and then the

labeled fragments were grafted in the laboratory or in situ

to their original colonies.

Within the next 24 h, the fragments usually reattached

to the substrate and fused, which included the connection

of the canals, with tissue of the original colonies (see

Frank et ai. 1996). Tissue from the labeled fragments

and the unlabeled colonies was sampled with a 5-mm-

diameter metal cork-borer (0.196 cnr) 12, 24, and 48 h

after fusion for the laboratory experiments and 24 h after

fusion for the field experiments. The distance of each

sample from the fusion line was recorded. The samples

were solubilized in 1 ml Soluene-350 (Packard, England)

at 37°C for 24 h. To eliminate any remaining unfixed '"'C,

0.5 ml of a 1 A' solution of HCl was added, followed by

gentle aeration for 4 h. Radioactivity was measured with

a liquid scintillation spectrophotometer (Kontron) using

4 ml of scintillation fluid (Optifluor, Packard, England).

To evaluate possible passage of '''C to the unlabeled frag-

ment through the water, similar control colonies were

placed close (2-3 mm) to but not in contact with the

labeled grafts and later sampled as above.

Results

Morphology of the canal system

Observations of live colonies on glass slides revealed

that the gastrovascular system in Pareiythmpodium ful-

vum fulvum comprises two distinctive, interconnected

types of canals (Fig. 1) filled with moving fluid. The first

type is superficial, lying just below the outer ectoderm

layer and surrounding the polyps (Fig. la). The canals in

this area were 50-80 /xm in width, with abundant dead

ends; the average speed of the particles in the fluid was

1.2 cm h' (/( = 8; SD = 0.9) to either direction. The

second type is deeper in the coenosarc and close to the

base of the colony (Fig. lb). These canals were 300-

500 /jm in width and the speed of their particles was

much faster, averaging 3.4 cm min ' (n = 10; SD = 1.1 ).

In the superficial canals, zooxanthellae and coral cells

were seen forming patches, but in deeper canals they

moved freely with no apparent directionality.

Measurements on histological cross-sections (Fig. 2a,

b). indicated that the gastrovascular cavity accounts for

an average of 45% (/; = 5; SD = 12.2) of the animal's

volume. The inner wall of the canals is lined with endo-

dermal cells possessing abundant zooxanthellae (Fig. 2b,

c), with cilia covering most of the canal inner surface

(Fig. 3a, b).

Circulation offree cells

Histological cross-sections from the gastrovascular

cavity confirmed the presence of large quantities of free

cells (Fig. 4a) inside the canals (Fig. 4b, c). Two types of

cells circulated freely in the gastrovascular fluid collected

from either polyp mouths or canals. Most (81.6%; SD =

5.4. „ = 20 different coral colonies: 50 to 100 cells

counted in each sample) were coral cells containing zoo-

xanthellae, and the rest were coral cells without zooxan-

thellae. In addition, amorphous particles that may corre-

spond to partly digested food were commonly seen in the

gastrovascular fluid. When corals were slightly injured at

the edge of the colony, large amounts of zooxanthellae
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Table 1

Translocation of'C over time in the laboraton.' experiment following fusions between the labeled fragments and their respective unlabeled

coral colonies: (n) is the number of corer samples analyzed
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(b)

Labeled

Non-labeled

Figure 5. "C distribution within fused labeled and unlabeled fragments on two laboratory colonies of

Parenthropodium fidvum fulrum: (a) Colony 5 (Table I) 24 h after fusion, (b) Colony 6 (Table I) 48 h

after fusion. Circles represent cork-bored samples (0.196 cnr). Numbers are the disintegrations per minute

per sample. Scale bar = 5 mm.

(Chapman. 1974; Fautin and Mariscal. 1991). but also as

an effective circulatory apparatus, analogous to a primi-

tive vascular system. The transport of metabolites within

P. f. fulvitm colonies to several tens of centimeters in

24 h is faster than recorded for other corals (Pearse and

Muscatine, 1971; Taylor. 1977; Gladfelter. 1983; Rinke-

vich and Loya, 1983a, b; Rinkevich, 1991 ) in which trans-

port has been attributed to simple diffusion (Pratt, 1905;

Murdoch, 1978a; Fans et al., 1989). This rules out the

2500

ooooooooirsoiooiooioo
I T- <- OJ CM CO CO 'd-^—

1 I I I I I I

lO Ifi o in o If)

CN (M f^ CO

Distance from fusion line (mm)

Figure 6. Distribution of '^C within the unlabeled colony of Par-

er\thropodium fidvum fulvum in the field experiments (h = 6) 24 h after

fusion. Bars indicate the mean number of disintegrations per minute

(DPM) per square centimeter of coral tissue (± 1 SD) for the distance

range from the fusion line. Numbers at the top of each bar are the

sample sizes for each range of distances. No samples were taken between

201 and 300 mm from the fusion line.

possibility that the recorded translocation is the result of

a process other than gastrovascular transport, as it is in

the marine bryozoan Membranipora membranacea (Miles

el ai. 1995).

The presence of the two distinct networks of canals

indicates that they may have different functions. We pro-

pose that an important function of the superficial network,

which is located just under the upper ectodermal layer

and is characterized by narrow canals, slow particle

movement, and many dead ends, is to increase the expo-

sure of the algal symbionts to light. The inner network,

with larger canals and faster particle movement, is the

part of the gastrovascular system responsible for the rapid

transport of cells, particles, and substances throughout the

colony.

The high variability seen within the 12-h and 24-h

measurements of the amounts of '^C translocated from

labeled to unlabeled fragments could be due to differences

between colonies in the number of functional canal inter-

connections or the rates of transport. Neveilheless. sam-

ples taken from the same colony 24 and 48 h after fusion

showed similar levels of fixed '^C, indicating that most

of the translocated labeled materials were distributed

throughout the unlabeled colony within short periods after

fusion. Moreover, the percentage of the total fixed '""C

that is translocated is greater if the zooxanthellae that are

embedded in the endodermal layer of the labeled frag-

ment, and therefore do not move, are considered. Photo-

synthates are therefore being transported either inside the

circulating algae or as dissolved materials in the gastro-

vascular fluid.

It is commonly accepted that zooxanthellae are located

only in the endodermal layer (Glider et ai, 1980; Rinke-

vich and Loya, 1983a, b; Muscatine, 1990; Gates et al,

1992), whereas free algal cells circulating in the gastro-
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vascular system are assumed to be partly digested senes-

cent zooxanthellae or algae in the process of being ex-

pelled outside the colony (Trench. 1987; Titlyanov et ai.

1996). Our observations suggest that large populations of

apparently healthy zooxanthellae within coral cells and

animal cells move freely in the gastrovascular system of

P. f.
fitlviim: a similar phenomenon is occasionally seen

in the hermatypic coral Acropora cerviconiis (Gladfelter.

1983). Many questions regarding the floating cells remain

to be investigated— for example, the digestive behavior

of the P. f. fiilvum gastrovascular system, how healthy

living cells are kept from being digested, how long a

specific animal cell (with or without symbiontic algae)

continues to circulate, and what is the origin of these

cells.

Algal circulation probably facilitates metabolite ex-

change between symbionts and enhances light capture

since it acts as a regulatory mechanism for algae. Active

intracolonial transport is an important feature of colonial

organisms: it allows the reallocation of resources such

as oxygen (unpubl. data) and photosynthates. helping to

maintain the health of the colony in case of injury or

when not all polyps succeed in capturing food or light

(Taylor, 1977; Hughes, 1989).

We also have evidence to support the idea (e.g., Buss

and Vaisnys. 1993) that the gastrovascular system plays

an important role in the bleaching of coral. Previous stud-

ies have shown that bleaching may be controlled by ex-

tremes of temperature, salinity, and light intensity (Bud-

demeier and Fautin, 1993). We found that after 1 h of

exposure to high temperature (30°C), polyps of P. f. ful-

viiiii expelled large quantities of zooxanthellae through

the mouth (unpubl. data). The mechanisms involved in

the regulation of the free-circulating zooxanthellae and

animal cells through the mouth of the polyp are not yet

understood.

The gastrovascular system in the alcyonarian coral Par-

erythropodium fith'um fulvitm. and probably in other cni-

darians, plays an important role in the physiology and the

development of the colonies, and it may still have other

unknown functions, such as that of freely circulating cells.
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Cloning by Ophiuroid Echinoderm Larvae
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Abstract. Larvae of the brittle star Ophiopholis acu-

leata. common to the North Pacific coast of the United

States, and an unidentified species of ophiuroid, collected

from waters off the eastern coast of Florida, undergo

asexual reproduction of the primary larva to produce a

secondary larval clone. Generation of a secondary larva

begins with the release of the larval posterolateral arms,

which are initially retained by the settled juvenile. In O.

aculeata, the released arms regenerate all the structures

typical of the primary ophiopluteus. Tissue and energy

reserves required for formation of the secondary feeding

larva appear to be supplied by the absorption and reorga-

nization of part of the posterolateral arms. Various devel-

opmental stages of the unidentified ophiopluteus were

collected from plankton samples taken off the coast of

Florida. These included just-released posterolateral arms,

plutei, and metamorphosed juveniles with the posterolat-

eral arms still attached. The identification of regenerating

arms from the plankton demonstrates that asexual repro-

duction by ophiuroid larvae is not restricted to a single,

laboratory-cultured species. In both O. aculeata and the

unidentified Atlantic ophiopluteus, cloning involves the

dedifferentiation of primary larval tissue and a develop-

mental progression similar to that followed by the zygote,

although it is not known whether the formation of the

secondary larva follows the same pathway utilized by the

primary larva or a novel developmental program. Asexu-

ally produced secondary larvae of O. aculeata undergo

metamorphosis, settle to the benthos, and initiate a tertiary

larval generation, indicating that cloned larvae could be

added to the population as long as environmental condi-

tions could support a planktonic existence. This phenome-

non represents an unusual potential to increase the geo-

graphic range and the number of juveniles of a given
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parentage in future generations without additional repro-

ductive input from the adult.

Introduction

In 1921, Mortensen reported the appearance of unusual

brittle star larvae in plankton tows taken from the waters

surrounding the islands of the West Indies. He speculated

that these larvae were asexual clones originating from the

released posterolateral arms of settled juveniles. Mac-

Bride (1921), renowned for his contributions to echino-

derm embryology, strongly rejected this interpretation,

and Mortensen' s observation remained unconfirmed for

the next 75 years (Mladenov and Burke, 1994).

Larval cloning is a rare event in the life history of

nonparasitic planktonic invertebrate larvae, but is reported

for a number of species of asteroid echinoderms (Bosch

et ai. 1989; Rao et ai. 1993; Jaeckle, 1994). In asteroid

larvae, the formation of the asexually produced secondary

propagule results from the differentiation and release of

some part of the primary larval body. The propagule de-

velops into a secondary larva that is morphologically

identical to the primary larva. It is not known if the sec-

ondary larvae of asteroids are capable of settlement and

metamorphosis or if continued cycles of asexual repro-

duction are possible.

The work presented here confirms Mortensen's (1921)

earlier observations that ophiuroid larvae undergo asexual

reproduction to produce secondary clones. Like asteroids,

secondary larvae of Ophiopholis aculeata and of an un-

identified ophiopluteus collected from the Western Atlan-

tic Ocean off the coast of Florida originate from the

release and development of primary larval structures, spe-

cifically, the posterolateral arms. The released arms un-

dergo gastrulation and development similar to that of the

primary embryo, but development of secondary larvae

follows from the reorganization of larval tissues instead

of from embryonic cells. This raises significant questions

187
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concerning the flexibility of developmental pathways and

the initiation and control of morphogenesis.

In O. Liciileata. asexually produced secondary larvae

undergo metamorphosis, settle to the benthos, and initiate

a tertiary larval generation. Asexual reproduction of larval

propagules has potential evolutionary and ecological ram-

ifications. For each juvenile that survives to settlement,

an additional larva is produced that not only increases the

number of individuals of a given genetic lineage, but also

enhances the dispersal potential of the species.

by the appearance of the five hydrocoelic lobes of the

presumptive primary podia. Metamorphosis continues

while the larva remains in the water column, eventually

resulting in a juvenile suspended between the two outer

posterolateral arms (Fig. lA). The juvenile retains the

posterolateral arms for some undetermined period after

settlement. During this time the transverse rods appear to

shorten and contact is made between the proximal tip

of each posterolateral arm. The posterolateral arms are

released from the settled juvenile (Fig. IB) and, with

Methods and Materials

Adult specimens of Ophiopholis aculcata were col-

lected during the summer of 1996 from the intertidal and

subtidal zones of various sites along the shores of San

Juan Island, Washington. The animals were transported

to the Friday Harbor Laboratories, Friday Harbor, Wash-

ington, where spawning was induced by alternating light

and dark exposure. Fertilization and culturing of the em-

bryos and larvae followed methods outlined by Strath-

mann (1987). Feeding ophioplutei were kept in 2 1 of 5-

pm-hltered seawater in glass jars at 10C°, stirred gently

by paddles, and fed cultured cells of the alga Rhodomonas

sp. Juveniles suspended between the posterolateral arms

and free-swimming released arms were removed from

the jars and maintained in culture dishes. Clean filtered

seawater and algae were provided every other day, and

the cultures were stirred gently with a pipette several

times a day to suspend food and larvae in the water col-

umn. A Wild M-5 dissecting scope and a Nikon Optiphot-

2 compound microscope were used to take photographs

on T-Max 100 (Kodak) film.

During May and June of 1997, plankton was collected

approximately 1 mile off the coast of Ft. Pierce, Florida,

by towing a 202-/jm-mesh plankton net at a depth of less

than 10 m. The samples were transported to the Smithson-

ian Marine Station in Ft. Pierce and examined for ophi-

oplutei. In some samples, an unidentified ophiopluteus

was the most abundant organism present. Plutei, juveniles

with attached posterolateral arms, and free-swimming

posterolateral arms in various stages of development were

collected and maintained in culture dishes in filtered sea-

water. Larvae were fed cells of Rhodomonas sp. Larvae

and regenerating arms were photographed with a Zeiss

Photomicroscope II and T-Max 100 film.

Results

Larvae o/ Ophiopholis aculeata

The development of primary larvae of O. aculeata fol-

lows that described for other planktotrophic ophioplutei

(Hendler, 1991). The onset of metamorphosis is indicated

Figure 1. (A) Light photomicrograph of a juvenile Ophiopholis

aculeata suspended between the outer posterolateral arms. (B) Recently

released posterolateral arms from a settled juvenile. (C) A developmental

series of three different asexually produced secondary larvae arranged

chronologically from top to bottom. (D) Gastrulation of released pos-

terolateral arms. After settlement, the juvenile releases the posterolateral

arms (B) which swim using the ciliated epidermis covering the arms

(originally part of the primary larval ciliated hand). The posterolateral

arms (pa) are supported internally by skeletal rods (sr). seen in D. An

event similar to gastrulation begins with the invagination of the epider-

mis (arrowhead) in the vee of the arms. Formation of the secondary

pluteus (shown in series in C), is characterized by a shortening of the

outer arms and a concentration of tissue between the arms. Scale bars

= 0.1 mm.
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ciliary band intact, swim off the bottom of the culture

dish and into the water column.

The free arms consist of the skeletal rods, mesenchymal

cells, a ciliated epidermis, and the blastocoel of the pri-

mary larva's posterolateral arms. Within 24 h of release,

the tissue forming the inner vee of the arms undergoes a

process similar to gastrulation. This results in the produc-

tion of an archenteron that continues to develop, forming

a new larval gut (Figs. IC, D and 2A). As in development

of the primary larva, the archenteron gives rise to an

anterior coelom that divides and grows to produce the

right and left axohydrocoels (Fig. 2B). The formation of

the somatocoels in both primary and secondary larvae is,

at present, unclear. Over the course of 3 to 4 days, the

posterolateral arms regenerate the structures typical of an

ophiopluteus, including the gut, the coeloms, and addi-

tional feeding arms (Figs. IC, 2C).

Prior to feeding in the secondary larva, tissue and en-

ergy resources appear to be supplied by the posterolateral

arms, as indicated by a decrease in the length of the arms

B

Figure 2. (A, B) Light photomicrographs of the formation of the larval gut in 2-arm clones of Ophio-

plwlis aculeata. (C) Photomicrograph of a 4-arm pluteus produced from released posterolateral arms of

primary juvenile. (D) Photomicrograph of a primary pluteus resulting from fertilization of an ovum and

development of the zygote. In cloned larvae, the archenteron (ar) gives rise to the esophagus (es), stomach

(SI), and intestine (not shown). The mouth (asterisk) opens from the exterior into the esophagus, but it is

not known if it forms at the opening of the archenteron (blastopore analog) or elsewhere. As in primary

larvae, the antenor coelom arises from the tip of the archenteron and later divides to form the right and

left axohydrocoels (arrowheads). The 4-arm asexually produced pluteus (C) is morphologically similar to

a primary pluteus (D) except for increa.sed pigment in the epidermis (seen as dark spots in this micrograph)

and disproportionately longer posterolateral arms (pa), aa, anterolateral arm; bl, blastocoel; ep, epidermis;

sr, skeletal rod. Scale bars = 0.1 mm.
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(Fig. IC). The average total length (sum of left and right

arm lengths) for arms just released from the juvenile was

620 ± 71 /jm (mean ± 1 SD. n = 6); in contrast, the mean

total arm length of 2-arm prefeeding secondary larvae was

374 ± 82 /jm (« = 6). This 40% difference represents a

significant decrease (f = 5.53, P < 0.001) in the average

total arm length. During reformation of the secondary

pluteus. the epidermis covering the arms appears to be

pulled towards the inner vee of the arms, presumably

providing the cells for invagination and formation of the

archenteron. The epidermis appears buckled along the

length of the arms and is pulled away from the ends of

the skeletal rods. In some larvae, the reduction in arm

length was not symmetrical, with one arm being shorter

than the other (Fig. IC). The reason for this asymmetry

is not known, but it apparently has no adverse effect on

development. These larvae formed normal plutei and the

asymmetry disappeared as development progressed.

Within 5 days, a feeding 4-arm pluteus is formed (Fig.

2C). This larval clone is morphologically indistinct from

a primary larva except for having more of a characteristic

orange pigment in its epidermis (seen in fully developed

primary larvae) and disproportionately long posterolateral

arms (compare Fig. 2C with 2D). Continued growth and

morphogenesis results in an 8-arm pluteus that is indistin-

guishable from the primary larva at the same develop-

mental stage. Metamorphosis of the secondary larva be-

gins with the formation of the hydrocoelic lobes and fol-

lows a morphogenic pattern similar to that of the primary

larva. At the time of settlement, the secondary juvenile

retains the posterolateral arms but, as in the primary larva,

eventually releases them. The free arms return to the water

column and begin a tertiary cycle of development that

results in another planktonic ophiopluteus.

Ophiopliitei collected from plankton tows

Plankton tows taken off the coast of Ft. Pierce, Florida,

contained a series of developmental stages of an unknown

ophiuroid larva. These stages included 8-arm plutei (Fig.

3A), metamorphosed juveniles suspended between the

posterolateral arms, free-swimming posterolateral arms

(Fig. 3B), and various stages of regenerating posterolat-

eral arms (Fig. 3C, D). Juveniles maintained in culture

dishes eventually settled and released the posterolateral

arms which, as in O. aculeata, began morphogenetic

changes consistent with regeneration of the larva.

Stages collected from the plankton showed a progres-

sive series from recently released arms (Fig. 3B) to an

early 4-arm pluteus (Fig. 3D). In some, but not all, of the

recently released stages the two arms were of different

lengths (Fig. 3B). This asymmetry had no noticeable ad-

verse effect on swimming or development and disap-

peared by the 4-arm stage. In plankton-collected clones,

no asymmetry in arm length was observed in 4-arm sec-

ondary larvae.

Gastrulation by posterolateral arms of this east coast

species may not occur as it does in O. aculeata. At the

junction of the two posterolateral arms, the transverse

rods form a spherical cage (Fig. 3C). Although not clearly

seen in Figure 3C. the lumen of this cage is filled with

cells. It is not known from where these cells originate or

if they reform the larval gut, and subsequently the larval

coeloms. Asexually produced 4-arm plutei appeared to

have disproportionately longer posterolateral arms than

those expected for primary plutei at a similar develop-

mental stage, but without direct comparison, this remains

a subjective observation. Beyond the 4-ann stage, second-

ary plutei were indistinguishable from primary larvae.

Discussion

In O. aculeata. tissues in the asexually produced larvae

appear to originate from dedifferentiation and redifferen-

tiation of the epidermis covering the posterolateral arms.

Mesenchymal cells are present in the blastocoel (of the

arms), but are associated with the skeletal rods and do

not seem to contribute to the formation of the archenteron

or the axohydrocoels. This developmental sequence is

similar to that seen in the blastula of O. aculeata and

raises questions concerning the ontogeny of larval mor-

phogenesis. Principally, do the clones follow the same

genetic and morphogenetic pathways as the primary larva

or do they use a novel developmental pattern?

Specific questions about the development of a.sexually

produced larvae are how the larval body axes are estab-

lished in the clone and what mechanisms are involved in

differentiation of endoderm and subsequently mesoderm

from the ectodermal epithelium covering the free-swim-

ming arms. In both primary and secondary larvae, the

archenteron forms along the long axis of the larval skele-

ton (anterior-posterior axis), but it is not yet known if

the mouth in the secondary larva forms at the site of

invagination or at a point 90 degrees from the advancing

tip of the archenteron, as in the primary larva. If, after

invagination of the arm epithelium, the cells forming the

archenteron in the cloned pluteus are embryologically

equivalent to those of the primary gastrula. formation

of endodermal and mesodermal structures could simply

repeat the developmental program of the primary embryo.

O. aculeata and the ophiuroid species collected from

the plankton may not follow the same developmental se-

quence in forming a secondary larva— specifically with

respect to gastrulation. Although multiple modes of asex-

ual reproduction are reported for asteroid larvae (Jaeckle,

1994), gastrulation appears to proceed from an invagi-
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B
Figure 3. Light micrographs of an ophiopluteus (A), released posterolateral arms (B). and apparently

regenerating larvae (C. D) collected from plankton samples taken off the east coast of Florida. Similarities

in the larval skeleton and in pigmentation suggest that these specimens represent one species, aa. anterolateral

arm; pa, posterolateral arm; st, stomach; sr. skeletal rod; tr, transverse rod; arrowhead, concentration of

tissue at the point of contact of the two posterolateral arms. Scale bars = 0. 1 mm.

nation of the outer (epidermal) epithelium of the propa-

gule (Bosch et ai, 1989; Jaeckle, 1994). The origin of

the cells in the vee of the released arms of this unidentified

secondary ophiopluteus is at present unknown. They may

have originated from invagination of the epidermis of the

arms or, alternatively, from mesenchymal cells of the

primary larva. If the latter hypothesis is true, the develop-

ment of the secondary larva deviates from that described

for asteroids and for O. aculeata.

In ophiuroids, asexually produced larvae can complete

metamorphosis and initiate another generation of plank-

tonic larvae. The formation of tertiary larvae suggests that

the production of asexual larval clones could continue

indefinitely as long as environmental conditions could

support a planktonic existence. Development of second-

ary larvae is known for Ophiopluteus opiilentus (Mor-

tensen, 1921 ) and Ophiopholis aculeata (this manuscript).

Mladenov (1979) reported the release of the posterolateral

arms by the settled juveniles of Ophiothrix oersted!. In

this species, however, the arms did not develop and even-

tually died. The unidentified pluteus collected off the

coast of Florida may be the same larva described by Mor-

tensen (1921) from the West Indies and designated as O.

opulentus species c. Similarities in the larval skeleton of

both larvae and the confluence between the West Indies

and the Florida coastline provided by the flow of the

Florida Current of the Gulf Stream system raise the possi-

bility that the unidentified larva is O. opulentus. Neverthe-

less, the potential for larval cloning is evident in possibly

three species of planktotrophic ophioplutei (although O.

opulentus is known only from larval stages), and may

represent an important life history strategy for planktonic

ophiuroid larvae.

The impact of asexual reproduction by larvae on the

life history of a species is dependent on the cloned indi-

viduals' ability to produce viable gametes, which, in turn.



192 E. J. BALSER

requires the formation of germ cells. The origin of the

primary gemi cells in ophiuroids, and in general in echi-

noderms. is equivocal. Germ cells in echinoderms are

thought to arise either from secondary mesenchymal cells

or from a proliferation or outgrowth of cells from the

epithelial lining of the somatocoel (Gemmill. 1914;

Nieuwkoop and Sutasurya, 1981; Delavault. 1966; Houk

and Hinegardner, 1980, 1981; Hendler. 1991; Holland,

1991). In ophiuroids, as in other echinoderms. the primary

germ cells are not evident in the larval body until late in

development, usually just prior to or after metamorphosis

(Gemmill. 1914; Houk and Hinegardner, 1980, 1981;

Smiley, 1986; Hendler, 1991; Holland, 1991). The "ab-

sence"" of gerni cells in earlier developmental stages sug-

gests, concunently or alternatively, a delay in the induc-

tion of the expression of germ cell characteristics and an

origin of the primary germ cells from structures not

formed until later in development.

The formation of primary germ cells in asexually repro-

duced larvae has not been demonstrated, but the following

three hypotheses are possible. The cloned larvae lack the

ability to produce germ cells and, therefore, form sterile

adults. Primary germ cells are sequestered from a popula-

tion of stem cells in the primary larva and are transferred

to the secondary (or subsequent) propagule prior to its

release from the primary larva. Finally, the primary germ

cells could arise de novo from the somatocoelic epithe-

lium, which apparently arises anew in the cloned larva.

The latter two hypotheses are consistent with the forma-

tion of the germ cells in primary larvae either from mesen-

chyme or from the epithelium of the somatocoel.

Provided that the juveniles resulting from cloned larvae

can produce viable gametes, asexual reproduction of lar-

val propagules increases the effective population size

without additional reproductive cost to the primary adult.

Further, asexual reproduction by larvae may produce a

larger increase in the number of juveniles than could be

realized from an equivalent increase in the number of

eggs released by the female. The loss of individuals dur-

ing larval development (mortality rate > 0) requires that

the number of eggs released by the female exceed the

number of juveniles produced.

Cloned larvae, which enter the water column at a size

equivalent to the arm-span of an 8-aiTn pluteus, may expe-

rience a decrease in predation (Rumrill et al.. 1985; Pen-

nington et al., 1986; Rumrill, 1987), and thus a lower

mortality rate, compared to less developed stages. The

reduction may, however, depend on the type of predator

encountered. In the presence of arthropod and chaeto-

gnath predators, blastulae and prism stages of O. aculeata

were more susceptible than 4-arm plutei, which were

more susceptible than 8-arm plutei (Rumrill, 1987). In

contrast, when larvae were presented to a copepod or

hydromedusa predator, a greater percentage of later larval

stages was lost to predation (Rumrill, 1987). Neverthe-

less, decreased predation resulting from morphological or

behavioral characteristics of more advanced larval stages

(Pennington et al.. 1986) may in some cases improve the

survivorship of asexually produced plutei.

For each juvenile that survives to settlement, an addi-

tional larva is produced; this not only increases the num-

ber of individuals of a given genetic lineage, but also

enhances the dispersal potential of the species. Subse-

quent generations of asexually produced larvae have the

potential to increase the distance of dispersal by at least

as much as the primary larva. Dispersal promotes genetic

connectivity between populations geographically isolated

by distance and allows recruitment to new habitats (Chia,

1974; Crisp, 1974; Strathmann, 1974; Scheltema, 1986).

Asexual reproduction by planktonic larvae increases the

life span of a genetically identical cohort and distributes

the timing of the attainment of competence to settle. If

appropriate settlement sites are randomly distributed

along a dispersal axis, then asexual propagation— by pro-

ducing more larvae that can spread over a wider area

—

increases the likelihood that a competent larva will locate

a suitable settlement site.
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Abstract. Published work has shown that population

motility in the marine diatom Amphora coffeaeformis can

be influenced by externally applied electromagnetic fields

(EMFs). Here we report attempts to repeat these experi-

ments, which have been proposed as a model for assessing

the effects of EMFs on biological systems. Susceptibility

to EMFs was tested using five strains of diatoms on agar

plates at a very broad range of field conditions, hut no

effect on population motility was demonstrated. Exposure

period to the EMFs, cell density, and position in the cell

cycle had no effect on EMF susceptibility, and the direc-

tion and distance moved by the diatoms were not affected

by EMFs. When tested after at least a month of pre-

incubation at 20 /iT. diatoms of strains #2038. 111b. and

lllp did show an EMF-induced increase in population mo-

tility over control cells (up to ~207<-) at conditions pre-

dicted by the "ion cyclotron resonance"" model, but this

effect was ephemeral. Later, 111b showed a similar in-

crease that was abolished when ( 1 ) non-pre-incubated

cells were used, (2) the EMF-producing coils were not

energized, and (3) even harmonics were used. On observ-

ing the response of diatoms to EMFs in real time, a sig-

nificant increase (~ 2-fold) in diatom speed over control

cells was evident at "ion cyclotron resonance"" condi-

tions, using strain #2038 (pre-incubated at 20 /jT). The

effect was abolished at an even harmonic. We conclude

that EMFs can modulate diatom motility, but that the

system is, as yet. not consistently reproducible.

Introduction

Despite a vast literature describing the effects of exter-

nally applied, non-ionizing, extremely low frequency (<
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100 kHz) electromagnetic fields (ELF EMFs) on biologi-

cal systems, this branch of science is neither well known

nor understood. The reasons for this are probably three-

fold. Firstly, there is no well-accepted mechanism, based

on empirical studies, by which EMFs can influence and

modify a biological or biochemical process. Any interac-

tion mechanism must describe how fields with energy

levels less than that of thermal noise (A>) can exert an

effect (Male. 1992). Secondly, experimentation paying

proper attention to both biological and physical variables

is necessary, but is not common. Thirdly, there is no

'"tried-and-tested"" model system that can be used to test

new developments in bioelectromagnetic science. The ac-

ceptance of empirical evidence is usually determined by

the ability of others to replicate research findings, and

investigation to this end has yet to produce a robust sys-

tem, independently replicable in different laboratories.

Here we report attempts to replicate the findings of experi-

ments describing EMF-induced increased motility in pop-

ulations of the marine diatom Amphora coffeaeformis

Agardh (McLeod et al.. 1987a; Smith et al. 1987a. b).

Amphora coffeaeformis is a common benthic marine

pennate diatom (Round et ai. 1990) whose motility is

well documented (Cooksey and Cooksey, 1980; Round

et al.. 1990). Motility can be observed by light micros-

copy in real time and is easily measured on agar plates

because the diatoms leave visible trails of mucus. The

mucus is produced via a channel, or raphe, running along

the long axis of the diatom (Edgar, 1980). In A. coffeae-

formis the raphe is restricted to one side of the diatom

only. Diatoms have many advantages as biological mod-

els: they are easy to maintain in culture; have a short

generation time (< 1 day. Round et al.. 1990); are single-

celled and eukaryotic; and commonly reproduce asexu-

ally. giving a large population of cloned individuals. Mo-

tility in A. coffeaeformis depends on external [Ca] (Cook-

194
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sey and Cooksey. 1980), and this property was exploited

by McLeod et ul. (1987a) and Smith et al. (1987a. b)

who demonstrated that populations of A. cojfeaeformis

on agar containing a [Ca| that normally checked motility

could be induced to move when exposed to specific ELF
EMFs. Amongst the many studies of bioelectromagnetic

effects, these were important because they used a biologi-

cal system that was potentially easy to re-create in other

laboratories, thus allowing replication studies, and they

demonstrated that, in common with most bioelectromag-

netic effects, a dose-dependent response was not apparent;

rather the effect was maximal around specific field ampli-

tudes and frequencies, the latter as predicted by a theoreti-

cal model ("ion cyclotron resonance"; Liboff, 1985). In

effect, McLeod et al. (1987a) and Smith et al. ( 1987a, b)

putatively 'tuned' the applied fields to stimulate Ca'^ ion

activity. Thus the studies provided a clue to the interaction

mechanism between living systems and EMFs.

"ion cyclotron resonance" theory can be used to pre-

dict the frequency of EMF that will stimulate any ion,

dependent on its charge-to-mass ratio, according to the

formula

f B,

where / is the stimulation frequency, q/m the charge-to-

mass ratio and B the static magnetic field (Liboff, 1985).

Extrapolating from the model, stimulation at even har-

monics should abolish the effect, and in terms of diatom

motility, this was what was found (McLeod et al.. 1987b).

In addition, McLeod et al. (1987b) found that stimulating

at "ion cyclotron resonance" conditions for the K* ion

reduced diatom motility, which again centered on pre-

dicted field amplitudes and frequencies.

Clearly the " "diatom system" presented a testable

model and suggested an interaction mechanism. Not sur-

prisingly, several groups then attempted to replicate the

original findings (Reese etai. 1991; Parkinson and Sulik.

1992; Saalman et al.. 1992; Prasad et al.. 1994; Florig,

pers. comm.) and. with one exception, all failed. Reese

et al. ( 1991 ) reported a partial replication in that diatom

population motility was increased on EMF stimulation in

some, but not all, experiments (15/19 at 0.25 mM Ca).

Here we report the most thorough attempt at repeating

the original findings of the diatom system to date, testing

a wide range of both biological and EMF conditions. Our

aim is to assess the repeatability of the original experi-

ments, implicating a potential interaction mechanism, and

to examine the usefulness of the diatom system as a model

for bioelectromagnetic phenomena in general.

Materials and Methods

Because our primary aim was to investigate the repeat-

ability of the results of McLeod et al. ( 1987a) and Smith

et al. (1987a, b) our methods follow theirs as closely as

possible.

Diatoms

Five strains of Amphora cojfeaeformis were used.

Mixed cell-size cultures of strains #2036, #2038. and

#2039 were obtained from the Culture Collection of Algae

at the University of Texas (Starr and Zeikus, 1987). A
mixed cell-size culture of strain Illg (referred to here as

IIIp) was obtained from the University of Southern Cali-

fornia. A narrow size-range (21-23 /jm along the long

axis) culture of strain 111b was obtained from B. Cooksey

at Montana State University. These latter two strains are

claimed to be descendants of the strain referted to in the

original publications (McLeod et al., 1987a; Smith et al..

1987a, b) on diatom/EMF interaction (B. Cooksey, pers.

comm.).

Although these strains are conspecific, there is consid-

erable variation in their gross moiphology (Fig. 1); they

show differences in upper lethal temperature (Davies, un-

publ. data), and they produce differently shaped growth

mats in liquid culture (Davies, unpubl. data). Gallagher

(1986 and pers. comm.) advocates a reexamination of the

taxon Amphora cojfeaeformis with a view to splitting it

into numerous species. Thus, it is important that strain

types and their origin be specified in studies such as this

(see Wood and Leatham, 1992).

Diatoms were grown in the ASP2 medium of Provasoli

et al. (1957), modified to contain 0.25 rmW Ca (Smith et

al.. 1987a). Reserve stocks of diatoms were kept on 2%
w/v Sigma 'A' agar in modified ASP2 slants in polysty-

rene tubes at 15°C. Diatoms for experimental use were

grown either (a) in an incubator at 20°C at 3000 lux

(~58.8^Es ' m -) illumination from fluorescent lights

on a 12-h light-dark cycle where the horizontal compo-

nent of the magnetic field, Bh = 4.7 /l/T; the vertical com-

ponent. Bv = 14 /iT; and the oscillating fields were negli-

gible; or (b) in a water bath at 25°C at 3000 lux continuous

fluorescent illumination (Bh = 23 ^T, By = 20 pT\ when

a thermostatically controlled heater was operating, Bh^c

= 13 pT peak-peak at 50 Hz, Bv.,. = 3 /jT peak-peak at

50 Hz). Cultures were periodically (about every 4 months)

treated with an antibiotic solution (see Stein. 1973) to

maintain axenicity.

A second water bath constructed of acrylic plastic with

polystyrene insulation was used for EMF pre-incubation

experiments and was enclosed by near-Helmholtz coils

(see Exposure apparatus). Water was pumped to this bath

by. and recirculated to, a Lauda-thermostat recirculating

water bath sited 1.5 m from the acrylic bath. Diatoms

were grown here at 25°C at 1000 lux ( ~ 19.6 pE s ' m ")

illumination from DC lamps for at least 1 month prior to

experimentation.

Aseptic techniques were practiced throughout.
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Figure 1. Strains #2036. #2038. #2039. IIIb and Illf of Amphora coffeaeformis. Left, views of the

raphed surface; right, lateral views. Scale bar is 1 ^m in each case.

Exposure apparatus

Two pairs of coils (each 295-mm internal diameter)

were mounted in a PVC frame at 90° to each other in a

near-Helmholtz configuration. One of the pairs (260-mm

separation) had its magnetic axis along the c-axis and

controlled the vertical (static) component (Bv) of the

EMF within the coils. This pair was supplied with current
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from a Kingshill 50V2C constant-voltage supply. The

second pair (135-mm separation) had its magnetic axis

along the .v-axis (north-south) and controlled the hori-

zontal (both static. Bh. and alternating, Bh^c ) components

of the EMF within the coils. This pair was driven by a

Farnell stabilized power supply E30/2 coupled to a Famell

synthesized digital signal generator DSG2 whose outputs

were fed through a Hew lett-Packard 6826A bipolar power

supply/amplifier acting as a variable gain amplifier. The

output of this latter device was used to energize the coil

pair. The EMF in the y-axis (east-west) was brought to

zero by aligning the .v-axis along the earth's north-south

magnetic maximum. Thus we could control the magnitude

of the vertical (static) component (By), the magnitude of

the horizontal static component (B„). and the magnitude

and frequency of the sinusoidally oscillating component

(Bh.c) of the EMF within the coils.

The EMFs generated were measured at the center of

the coils using a Domain SAM3 single-axis fluxgate mag-

netometer, whose analog display was used to record the

static field components. This magnetometer was coupled

to an Iso-tech ISR420 oscilloscope that was used to check

the magnitude and frequency of the oscillating field com-

ponents.

Experimental samples were placed at the center of the

coils on a platform that could be raised or lowered, de-

pending on the nuiTiber of samples introduced. The coils

were placed on a table at least 1 ni away from any metal

object. The geomagnetic field components within the coils

were identical to those at the site chosen for the control

(sham) exposure 2 m away (Bh = 16.5 ^l^, Bv = 44 /jT).

Lighting over both coil and sham sites was provided by

DC lamps producing a flux density of 500 lux

(—9.8 f/E s ' m -) at sample level. Experimental (room)

temperature was 23 ± TC. The laboratory chosen for

experimental work (at the Plymouth Marine Laboratory,

Citadel Hill, Plymouth) was electromagnetically quiet: no

EMF interference could be detected at nT levels.

A second set of two coil pairs (each 300-mm internal

diameter) was employed in EMF pre-incubation of cells

and enclosed a water bath. The coils were mounted in a

wooden frame at 90° to each other in a near-Helmholtz

configuration. The coils controlling the horizontal field

were separated by 150 mm; those controlling the vertical

field by 210 mm. The EMF in the y-axis was again

brought to zero utilizing the geomagnetic maximum. Both

coil pairs were driven by a Famell E30-1BT dual power

supply such that the EMF in the center of the coils was

set to Bh = 20 ^T, By = /jT, negligible oscillating

components.

Agar plate experiments

There is some confusion over the type of agar used by

McLeod et al. (1987a) and Smith et al. (1987a, b). Al-

04

Logn+1 [Ca] (mM)

Figure 2. Dialom motility response to external |Ca| on Difco Noble

agar. In each case n = 3 agar plates with KKl diatotiis counted per plate.

though McLeod, Smith, and K. Cooksey (pers. comms.)

maintain that Difco Noble agar was used, our experiments

with this agar demonstrated that its Ca content was too

high to produce the prerequisite Ca-limiting effect on

motility (Fig. 2). Figure 2 also shows a Ca-curve prepared

using Difco Noble agar from the sarne container as was

claimed to be used in the original experiments (McLeod,

Smith, and K. Cooksey, pers. comms.). This latter curve

was produced by one of us (MD) on a study visit to

Montana State University. Subsequent spectrophotomet-

ric analysis showed Difco Noble agar (UK batch) to con-

tain ~62 niM Ca. For routine work we have therefore

used Sigma 'A' agar (~6 mM Ca) which gives Ca-curves

consistent with those of McLeod et al. (1987a) and Smith

et al. (1987a, b).

Agar (Sigma 'A') was introduced at 2% (w/v) to vari-

ous maintenance media (the minimal medium [M-M] of

Smith et al. [1987a|) each containing 308 mA/ NaCl,

8.1 mM KCl, 20.2 mM MgSOj. 8.3 mM Tris-HCl and

adjusted to pH 7.6-7.7. but varying in their Ca (as CaCL)

content (0-lOniM). After each mixture was autoclaved

for 5 min at 12rC, agar plates were made by pipetting

2 ml of the molten agar into each 50-mm-diameter poly-

styrene petri dish required. Thus a series of plates could

be prepared containing 0-10 mM added Ca. Plates were

wrapped in aluminum foil, stored at 4°C, and used 3-21

days after pouring. Plates used less than 3 days after

pouring gave poor diatom tracks.

Diatoms were harvested by centrifugation (1000 X g)

for 5 min at incubation temperature before being both

washed and recentrifuged twice in Ca-free maintenance

medium to ensure a Ca-free pellet of diatoms. The cells

were then adjusted, using a hemacytometer, to a density

of 1.5 X 10' ml'. In later experiments, in accordance

with a revised protocol supplied from Montana State Uni-

versity (McLeod, pers comm.), cells were then returned
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to the incubator for 30 min prior to plating. This step

was introduced to the revised protocol putatively to allow

diatom membranes ruptured during centrifugation to heal

(Smith, pers. comm.).

McLeod et al. (1987a) and Smith et al. ( 1987a. b) used

a paintbrush to introduce diatoms to the agar. The volume

of suspension applied in this way was not constant, and

it was difficult not to disturb the agar surface. We substi-

tuted a technique in which a 5-^\ drop of density-adjusted

cell suspension was introduced to the agar on each plate

at one end of a 30-mm line marked on the underside of

the plate. The drop was then drawn along the length of

the line with an inoculation loop whose tip had been

squared to present a 3-mm bar to the agar surface. Care

was taken not to touch the loop to the agar.

After experimental exposure, diatoms on the plates

were killed by introducing a few drops of 2% ( w/v) OsOj

to the inside of the lid of each plate. This procedure

ensured that there was no additional time after the termi-

nation of plate exposure during which the diatoms could

move.

Diatom movement on each plate was scored by count-

ing 100 diatoms in random fields viewed with a phase-

contrast microscope. Diatoms were scored as motile or

nonmotile depending on the presence or absence of a

track visible at either pole of the frustule. Only spatially

individual diatoms were counted: diatoms that appeared

in clumps or whose track originated in a clump were not

scored. If these latter diatoms had been scored as motile,

then all clumped diatoms would need to be scored as

nonmotile. Diatoms were also not scored if they could be

clearly seen to be lying with a lateral surface touching

the agar. These diatoms are incapable of movement (pers.

obs.) because the raphe system is not in contact with the

substratum.

(/) Growth cun'es. Growth curves were produced for

each strain of A. cojfeaeformis by introducing a 1.5 x

10''-cell inoculum in modified ASP2 into a polystyrene

tube and making the total volume up to 5 ml with modi-

fied ASP2. Growth, measured daily by hemacytometer

(two chambers counted) was monitored for 8 days in three

tubes for each diatom strain. Diatoms were incubated at

either 20°C in the incubator or 25°C in the water bath.

(//) Age-dependent motility. To investigate the rela-

tionship between age of culture and diatom motility, cells

of each strain were harvested (see abovel at 1-8 days

after inoculation (1.5 x 10'' cells in 5 ml) and streaked

onto three agar plates each containing 5 niM added Ca.

Motility on the plates was scored after 1 h in the incubator

at 20°C. Again diatoms were used from both incubator

(20°C) and water bath (25°C).

(///) Ca cun'es. The relationship between extracellu-

lar [Ca] and motility was investigated for all five strains

of diatom by preparing a series of agar plates containing

a range of [Ca] from 0-5 mM. Diatoms of each strain

were harvested when in their most motile phase of growth

as determined from the results of the age-dependent motil-

ity tests (3 days for #2036. #2038. and #2039. and 2 days

for lllp and IIIb) and introduced to three plates at each

[Ca]. Motility was scored after 1 h in the incubator at

20°C. Diatom cultures were grown in the water bath

(25°C).

f/i'j Effect of light inten.sity. McLeod (pers. comm.)

and Parkinson and Sulik (1992) found that light intensity

during diatom exposure influenced the proportion of dia-

toms showing motility. To test this we harvested a 6-day-

old incubator-grown #2038 culture and seeded its diatoms

onto 15 agar plates containing 5 mM added Ca. Plates,

in triplicate, were placed in illumination at <0.625 (inside

a drawer), 21.4, 500, 1190, and 2740 lux (<0.01, 0.4,

9.8, 23.3, and 53.7 ^E s"' m"", respectively). After I h of

exposure, the diatoms were killed and scored for motility,

fv) EMF experiments. In all cases we searched for

EMF-induced motility using plates with 0.25 mM or

0.5 mM added Ca. Diatoms in logarithmic growth were

seeded onto six replicate plates for each experiment.

Three plates served as treatment (EMF-exposed) plates

and three as control (sham-exposed) plates. Control and

treatment plates for each experiment were always run

simultaneously and were seeded from the same diatom

culture at its most motile phase of growth (Parkinson and

Sulik, 1992). Using diatoms from more than one culture

would have introduced confounding factors. A positive

control in the form of a plate with 5 mM added Ca was

always placed with the sham-exposed plates to check that

the diatoms were motile at high [Ca]. Each exposure

lasted 1 h. To allow for geomagnetic disturbance, experi-

ments conducted on days when large fluctuations in the

earth's magnetic field occurred (data from Hartland

Monthly Bulletin, British Geological Survey) were re-

peated at a later date. "Large fluctuations" was arbitrarily

defined as a variation greater than 30 nT in either hori-

zontal or vertical intensity during any experimental pe-

riod.

All strains were exposed to calcium "ion cyclotron

resonance" conditions, which produced the greatest field

effect for McLeod et al. ( 1987a) and Smith et al. (1987a,

b). These were: Bv = iil. Bh = 20.9 /jT, Bwac = 41.8 ^T
peak-peak at 16 Hz.

Subsequently a set of permutations of field conditions

was developed that covered all possible avenues of ap-

proach in attempting to reproduce the results of Smith et

al. (1987a, b) and was designed to allow the detection of

any ELF-EMF effect on diatom motility. These conditions

were tested both with strain lIIp, which was claimed to

be the same strain as used by Smith et al. (1987a), and

strain #2038, with which a partial replication of the origi-

nal results has been achieved (Reese et al.. 1991). Each

permutation was tested twice. In all experiments, except
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those in (7) below, the vertical component of the earth's

field was nulled (Bv = 0).

The following permutations were used (the amplitude

of Bhsc is expressed as peak-peak).

(1) Frequency response. Bh = 20.9 ^T; Bh.„ = 41.8 /jT

at frequencies from 1 to 24 Hz in 1-Hz steps. This was

an attempt to demonstrate the frequency window for cell

motility shown by Smith et al. (1987a).

(2) Amplitude response. Bh = 20.9 /jT; Bhuc varied

from 5 to 140 fxT (in 5-^T steps to 30 pT, 10-^T steps

to 80 ;uT. and 20-/iT steps to 140 ^T) at 16 Hz. This was

an attempt to demonstrate the amplitude window for cell

motility shown by Smith et al. (1987a).

(3) Amplitude response. Bh = (Bh.,J/2: Bh.,, varied

from 5 to 140 ^T (in 5-/iT steps to 30 ^T. 10-pT steps

to 80 /xT, and 20-^T steps to 140 ^/T) at 16 Hz.

(4) Amplitude response. Bh = ambient: Bh^c varied

from 5 to 140 ^T (in 5-pT steps to 30 ^T, 10-/uT steps

to 80 luT. and 20-/uT steps to 140 ^T) at 16 Hz.

(5) Amplitude response. Bh = //T; Bh.„ varied from

5 to 140 /jT (in 5-/jT steps to 30 ^T. 10-^T steps to

80 fjJ, and 20-/uT steps to 140 fjT) at 16 Hz.

In (2). (3). (4), and (5). plates with 5 mM added Ca

were also used as treatment and control plates (again in

triplicate) in an attempt to reproduce the reduction in

motility reported by Smith et al. (1987a) at high EMF
amplitudes.

(6) Bh = (BHac)/2 = ambient at 16. 12.5, and 6.25 Hz.

These latter frequencies are the predicted cyclotron reso-

nance frequency and an even harmonic, respectively, of

the unhydrated calcium ion in the ambient horizontal field

in our laboratory. This follows from Blackman et al.

(1985) and Leal et al. ( 1986), whose work suggested that

the ambient field is important in inducing an EMF effect.

(7) Switched field axes at ion cyclotron resonance con-

ditions. Bh = 0/jT; Bv = 20.9 /jT; Bv., = 41.8pT at

16 Hz. Switching field axes altered field quantities within

the plates (see McLeod et al.. 1983).

(vi) Ejfect of e.xpo.siire period. McLeod et al. (1987a)

and Smith et al. (1987a, b) used an exposure period of 1

h. In our search for an EMF effect we tried extending

this period. We harvested a 6-day-old #2038 culture and

a 4-day-old 111^ culture (both grown in the incubator)

and seeded their diatoms onto six replicate plates with

0.25 mM added Ca and one plate with 5 mM added Ca.

Three of the plates with 0.25 mM added Ca plus the plate

with 5 mM added Ca were placed at the sham-exposure

site; the remainder were placed at the EMF-exposure site

and subjected to Ca ion cyclotron resonance EMF condi-

tions. At 1, 2, 4, 6, 8, 12, 16, 24, 34, and 58 h after

the exposure commenced, each plate was removed from

exposure or sham-exposure, its diatoms were scored for

motility as above, and the plate was returned to the expo-

sure or sham-exposure site.

{vii) Ejfect of cell density. To test whether the density

of the diatom cells on the agar plates had an effect on

motility or susceptibility to EMFs (see Aarholt et al..

1981; Carson et al.. 1990), a 6-day-old incubator-grown

#2038 culture was harvested and its cells were seeded

onto 5 plates with mM added Ca. Quadruplicate plates

were prepared at each cell density used (5 X 10"*, 1 X

10\ 1.5 X 10\ 1 X 10^ 2 X lO"- cells ml '). Two of each

four were placed in Ca ion cyclotron resonance EMF
conditions and two were sham-exposed. After 1 h of expo-

sure, the diatoms were killed and scored for motility.

(viii) Ejfect ofposition in cell cycle. To test for EMF
susceptibility of diatoms at different stages of their cell

cycle, cells (IIIp) were acclimatized (2 weeks) to a regime

of 12 h light/dark at 20°C in the incubator. Following

this, on one day cells were inoculated in the usual manner

into polystyrene tubes at intervals of 2 h for a total of 16

h. Each culture was then simultaneously harvested 4 days

later when in logarithmic growth and seeded on to tripli-

cate sham-exposed and triplicate Ca ion cyclotron reso-

nance-exposed plates with 0.5 mM added Ca plus a plate

with 5 mM added Ca as a positive control. After 1 h of

exposure, the cells were scored in the usual way.

(a) Ejfect of EMF on distances moved. During the

frequency-response test above, the distances moved by

IIIp cells during the 1-h exposure period were recorded

using a calibrated eyepiece graticule attached to the mi-

croscope. The distances moved by 10 motile diatoms were

recorded on each triplicate sham-exposed and each tripli-

cate EMF-exposed plate (each 0.5 mM added Ca) in each

experiment. The frequency of Bho, was varied from 1 to

24 Hz in 1-Hz steps, Bh^c = 41.8 ^T, Bh = 20.9 /jT, By

= 0.

(.x) Effect of EMF on direction of movement. The di-

rection of cell movement was also recorded during the

frequency-response test using strain IIIp. An eyepiece

graticule was divided into twelve 30° sectors. Each motile

diatom scored was assigned to a sector depending on its

initial direction of movement (0° = north). In this way,

100 diatoms per triplicate plate with 0.5 mM added Ca

were scored in EMF-exposure and sham-exposure condi-

tions at each frequency tested. Direction of movement

was tested for nonrandomness using \- tests.

f.v/J Effect of EMF pre-inciibation. After at least a

month of pre-incubation (subculturing every 4-5 days)

in a water bath at Bh = 20 fjT (see E.xpositre apparatus),

1-, 2-, 3-, 4- and 5-day-old cells of each strain of A.

cojfeaeformis were exposed at Ca ion cyclotron resonance

EMF conditions. Exposures lasted for 1 h on triplicate

agar plates for each treatment. Treatment plates ranged

from to 5 mM in added Ca. Those experiments that

indicated a positive response to the EMFs in terms of

motility were repeated. Five replicate experiments were
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Figure 3. Equipment used in perfusion experiments. Near-Heimholtz coils arranged around microscope

stage. Video display of diatoms in perfusion chamber.

also conducted with 3-day-old diatoms (in logarithmic

growth) of strain Ills under three conditions: (1) using

cells that were not pre-incuhated (grown at ambient; Bh
= 16.5 fjT, Bv = 44 /iT); (2) where the near-Helmholtz

coils were disconnected from their supply (which re-

mained switched on); and (3) at the even harmonics of 8

and 32 Hz (other field conditions remained the same).

According to Smith et al. (1987a). shifting to even har-

monics should abolish any EMF effect. The experiments

were conducted not in the order listed but in a random

order, determined using random number tables.

Peifitsion experiments

All perfusion experiments were performed on cultures

of strain #2038 that had been incubated at Bh = 20 fjT

for at least one month (see above). Perfusion media were

at room temperature (23 ± 1°C).

(i) Equipment. The near-Helmholtz coils used for ex-

perimental EMF exposure were placed around a Reichert

Zetopan inicroscope so that the microscope stage was at

the center of the coils. The microscope was set for phase

contrast and was liiiked to a U-matic video recorder and

monitor via a Panasonic CL700 CCD video camera (Fig.

3). The coils were again aligned along the geomagnetic

maximum (see above) and. when energized, the field at

stage level was at Ca ion cyclotron resonance conditions.

The sensing head of the fluxgate magnetometer (56 X 48

X 22 mm) was too large to fit on the stage with the

objective lens cluster in place, so the latter was removed

during EMF measurement. However, the introduction of

the objective lens cluster next to the sensing head within

energized coils caused no more than 1 ^T deviation in

magnetic flux density. During perfusion, diatoms were

viewed through a long-working-distance 20x phase-con-

trast objective lens and displayed on the video monitor.

A perfusion chamber was created from two small glass

plates separated by a 30-mm diameter O-ring and clamped

together with bulldog clips. Two hollow (hypodermic)

needles (0.55-miTi diameter) were inserted through the O-

ring at points 180° to each other to act as fluid entry and

exit ports. Polyethylene tubing was connected to these

ports. Two 60-ml syringes acted as reservoirs from which

perfusion fluid flowed under gravity through silicone rub-

ber tubing and then polyethylene tubing to the perfusion

chamber on the microscope stage. Flow from each reser-

voir was controlled using a clip on the silicone rubber

tubing. An acrylic plastic junction unit allowed flow into

the chamber from one reservoir only. In a chamber

flooded with water, the time taken from switching to a
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flow of food coloring until the centra! area of the chamber

was flooded with color was 50 s.

(ii) Effects of Ca levels on motility: Since the examina-

tion of diatom motility in a perfusion chamber was a novel

technique, we initially assessed the effects of [Ca] in the

perfusion medium. Three-day-old cells were harvested by

a single centrifugation (5 min at 1000 X g) at 25°C and

resuspended in 5 mA/ added Ca minimal medium (M-M).

A drop of this cell suspension was introduced into the center

of the perfusion chamber. Following a 5-min period

allowing for diatoms to adhere to the glass substratum, the

chamber was perfused for 10 min with 5 mM added Ca

M-M. Perfusion was then switched to mM added Ca

M-M for 5 min; switched back to 5 mM added Ca M-M
for 5 min; to mM added Ca M-M for 5 min; and finally

to 5 xnM added Ca M-M for 5 min. Video recordings of one

field of view were made during the whole of this procedure.

Diatom speed was estimated by measuring, on screen, the

distance moved by each motile diatom in the 10-s period

prior to each switching of perfusion medium and in each

10-s period following I min of perfusion (except the initial

perfusion with 5 mM added Ca M-M).

(iii) EMF experiments. The procedure for EMF ex-

periments closely followed the Ca-response experiments

above. Cells (3 days old) were again pelleted by a single

centrifugation and resuspended in 5 mM added Ca M-M.

A drop of diatom suspension was introduced into the

perfusion chamber. Perfusion with 5 mM added Ca M-M
commenced after 10 min. Diatoms that showed motility

were then observed during the remainder of the procedure.

After 10 min, perfusion was switched to 1 mM added Ca

M-M (a Ca level suboptimal for diatom motility). Motility

was measured as before, after 2 min. The EMFs were

applied and motility was remeasured after a further 3 min.

EMFs were then discontinued and motility was remea-

sured after a further 3 min.

The above procedure was repeated until a total of 30

diatoms had been recorded during each treatment, with

3-10 diatoms (depending on the number visible on the

monitor screen) recorded during each procedure. Control

experiments were performed by following the procedure

but not applying any EMF. Each treatment and its control

were performed during one 3-h period on diatoms from

the same culture. Two treatments were used. One em-

ployed EMFs at Ca ion cyclotron resonance conditions.

The second (conducted 2 days later) involved a manipula-

tion of frequency to an even harmonic which should,

according to ion cyclotron resonance theory, abolish any

EMF effect. We used Bv = a'T, Bh = 20.9 /jT, B„ac =

41.8 ^T peak-peak at 32 Hz

—

i.e.. the same conditions

for ion cyclotron resonance but at double the frequency.

Paramagnetic investigations

To assess whether the response of diatoms to EMFs
was owing to paramagnetism, each strain of A. coffeae-

formis was grown in polystyrene tubes or glass flasks

from 30 000 cells mP ' until stationary phase was attained.

Diatoms were harvested by centrifugation (1000 X g for

5 min) a minimum of 2 weeks after inoculation and were

then washed and recentrifuged four times in deionized

(17.4 Mfi cm ') water. Diatom pellets were then lyophi-

lized for 2 days. At no time did the diatoms come into

contact with any metal object. To minimize contamination

from ferrous particles, both the modihed ASP2 and the

deionized water used were kept in glass flasks atop a large

strong permanent magnet for at least I month prior to use

(a technique employed by J. Kirschvink, pers. comm.).

These liquids were carefully pipetted from the flasks for

use.

Samples of freeze-dried diatoms of all strains were

sent for analysis to the laboratory of Dr J. Kirschvink

(University of California Institute of Technology, USA)

where a superconducting quantum interference device

(SQUID) was used to detect the presence of biogenic

magnetite or ferrous material in the diatoms. For further

information on this method, see Kirschvink et al. ( 1992).

We had hoped to obtain a sample of diatoms from the

group (Reese et al.. 1991 ) that achieved a partial replica-

tion of the results of McLeod et al. (1987a) and Smith et

al. (1987a, b), but none were available.

Results

Agar plate experiments

(i) Growth and motility. During growth in culture,

each strain of diatom exhibited maximal motility on agar

during the logarithmic phase of its growth. This was true

whether cultures were grown at 20°C (Fig. 4) or 25°C

(Fig. 5). although the time taken to reach logarithmic

growth, and hence maximal motility, was shorter at 25°C

than at 20°C. These data were used to determine when

to harvest cells for maximal motility in the rest of the

experiments.

The maximum motilities of #2036, #2038, and #2039

seem independent of growth temperature, whereas those

of IIIb and III, increase with increased temperature (maxi-

mum mean motilities: IIIb at 20°C = 51% ± 7 SE, 25°C

= 78% ± 9 SE; IIIp at 20°C = 42% ± 4 SE, 25°C =

72% ± 6 SE). The maximum motility recorded on any

agar plate during the experiments was for IIIb (98%).

The higher growth temperature also apparently allows a

greater carrying capacity for each strain in culture. Within

each temperature treatment the growth curves can be split

into two groups: IIIb and IIIp showed a short logarithmic

phase and a small carrying capacity; #2036, #2038, and

#2039 showed a longer logarithmic phase and a higher

carrying capacity (Figs. 4 and 5).

(//) Ca curves. In Figure 6, the motility response of

our diatoms to external [Ca] is compared with the results

obtained by Smith et al. (1987a). Our resuUs show that
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Figure 8. Motility response of strains #2038, IIIb, and IIIp (pre-incuhated at Bv = 0, Bh = 20 piT for at

least 1 month) to external [Ca] in EMF experiments at ion cyclotron resonance conditions (By = 0, Bh =

20.9 ^T. Bh..^ = 41.8 III peak-peak at 16 Hz). Unfilled circles = EMF-exposed; filled circles = sham-exposed;

« = 3 in each case. Time indicated is culture age. Results shown only where an EMF-induced effect is apparent.

Strains #2036, #2039, IIIb at 2 and 5 days old, and IIIf at 3 and 5 days old showed no effect.

served on application of the EMFs (Mann-Whitney test,

U = 286. P = 0.012; Fig. 16). Such an increase was not

apparent either before or after application of EMFs in

comparison with the controls (Mann-Whitney tests; U =

416, P = 0.548; U = 358, P = 0.153, respectively. Fig.

16); and the pre-exposure, during-exposure, and post-ex-

posure speeds of the control diatoms were not signifi-

cantly different from each other (Kruskall-Wallis test, H

= 1.44. p = 0.486). A shift to an even harmonic (32 Hz)

abolished the EMF effect (Fig. 16); there was no signifi-

cant difference in speed between diatoms exposed to the

EMF and control diatoms either before {U = 411, P =

0.513). during {U = 432, P = 0.758). or after (t/ = 424,

p = 0.664) EMF application. Again the control diatoms

showed no significant variation in speed during the exper-

iment (H = 1.5, P = 0.472).
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Figure 9. Motility response ot strain #2038 (pre-incubated at Bv = 0. Bh = 20 ^lY for at least 3 months) to

external |Ca] in EMF experiments at ion cyclotron resonance conditions (B\ = 0, Bh = 20.9 /iT, Bhsc = 41.8 /zT

peak-peak at 16 Hz). Unfilled circles = EMF-exposed; filled circles = sham-exposed: n = 3 in each case.

Paramagnetic investigations

The diatoms exhibited no detectable ferromagnetic

properties.

Discussion

In the exploration of the interaction between biological

systems and EMFs. the use of diatoms and the "diatom

system" was originally seen as potentially reproducible in

different laboratories. The system was heralded as one that

could effectively and easily demonstrate an EMF effect

(McLeod et al., 1987a, Smith et a!., 1987a. b). In addition,

by indicating effects only at specific frequency-windows

and amplitude-windows, the results of McLeod et al.

(1987a) and Smith et al. (1987a. b) pointed to an interaction

mechanism (originally ascribed to ion cyclotron resonance),

and this is probably the reason that so many (Reese et al.

1991; Piirkinson and Sulik. 1992; Saalman et at.. 1992;

Prasad et al.. 1994; Florig. pers. comm.) have attempted to

repeat the original work. However, as we and many of those

who have attempted replication have found, the system is

more complex than originally thought.

It is apparent from Figures 1 . 4. and 5 that the different

strains of A. cajfeaefonnis vary considerably in moiphol-

ogy and physiology (see also Parkinson and Sulik, 1992).

There are also variations in upper lethal temperature and

in the shape of the growth mat in liquid culture (Davies,

unpubl. data). Clearly the classification of the diatoms we

used as strains or variants of A. coffeaefonnis is in doubt

and there is a need to reexamine the taxon Amphora cof-

feaefonnis (Gallagher. 1986, 1987). The variations may

in part be owing to the culturing of diatoms over many

years in laboratories where selection pressures may differ,

and to the process of subculturing in which a small num-

ber of cells (often only one) is used to start a new popula-

tion, producing genetic bottlenecks. In only one (Saalman

et al.. 1992) of the other attempts to reproduce the findings

of McLeod et al. (1987a) and Smith et al. (1987a, b)

were the diatoms of the same strain as used in the original

experiments, and this may contribute to a lack of repeat-

ability. If the diatom system is indeed dependent on the

use of a single strain of one species, or possibly, the

presence of a single gene (which might be lost during

subculturing), then its value as a reproducible system is

in doubt. Large genetic variation in intraspecific variants

of photosynthetic microbes is an acknowledged problem

for experimentalists (see, for example, Gallagher, 1980;

Medlin et al.. 1996; Paasche et al.. 1996).

Diatom motility shows a sharp peak during exponential

growth (Figs. 4 and 5), and aUhough the physiological

explanation for this remains unknown, diatoms clearly

must be in exponential growth (show motility) before

they can display sensitivity to EMFs. Whether this was

the case in the other attempts at replication is not apparent

(Reese et al.. 1991; Parkinson and Sulik, 1992; Saalman

et al.. 1992; Prasad et al.. 1994). McLeod et al. (1987a)
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Figure 10. Motility response of strain IIlu (pre-incubated at Bv =

0, Bh = 20 ^T for at least 3 months) to external [Ca] in EMF experi-

ments at ion cyclotron resonance conditions (By = 0, Bh = 20.9 ^T,

B„„,. = 41.8 /iT peak-peak at 16 Hz). Unfilled circles = EMF-exposed;

filled circles = sham-exposed; » = 3 in each case.

and Smith et al. (1987a) observed a maximum motility

of ~45% within any diatom population, ascribing this to

the presence of the raphe system on one diatom valve

only. We (and Reese et al., 1991, and SaaJman et al.,

1992) noted that population motility can exceed 50%,

perhaps as a result of our plating technique, which allows

time for the diatoms to orient themselves in liquid culture

before they contact the surface of the agar. In our motility

assays, in common with Parkinson and Sulik (1992) and

Saalman et al. (1992), we counted only diatoms that were

not in contact with any others. This condition was set

because motility in one diatom may trigger motility in an

adjoining diatom, thus producing non-independence of

measurements (Saalman et al., 1992). McLeod et al.

(1987a) and Smith et al. (1987a, b) counted some diatoms

that were in clumps and some counts may have included

(immotile) diatoms whose lateral surfaces were in contact

with the agar (Smith, pers. comm.). Thus, it is not surpris-

ing that our Ca curves (Fig. 6) do not agree with those

of McLeod et al. (1987a) and Smith et al. (1987a, b).

Nevertheless, although diatoms of strains 111b and lllp

showed greater motility than those in the original experi-

ments, the shape of the Ca response curves is similar.

supporting the contention that these strains are descen-

dants of diatoins used in the original experiments. Cook-

sey and Cooksey (1980), Parkinson and Sulik (1992), and

McLeod (pers. comm.) observed a reduction or abolition

of diatom population motility in the dark. We (Table I),

on the other hand, in common with Saalman et al. (1992),

observed motility in the dark, suggesting the existence of

a store of energy in diatoms (probably as a pool of ATP).

Again our results may be different because we may have

used a different strain of A. coffeaeformis (#2038) from

those of Cooksey and Cooksey ( 1980) (presuinably IIIr)

and Parkinson and Sulik (1992) (strain not indicated).

Experiments using externally applied EMFs (Tables II-

X) showed wide variability in the proportion of diatoms

exhibiting motility under putatively the same control condi-

tions. This we can only ascribe to sUght variations in popula-

tion age and culture conditions, of diatoms, which could

produce diatoms at slightly different stages of the growth-

cycle at the start of the experiments. Clearly control experi-

ments must be concurrent with exposure experiments in this

system. Our initial inability to demonstrate an EMF effect

using a wider range of field conditions than any previously

published, extending the period of exposure, varying the

0,2 0.4 06 0,8

Log n+1 (Ca) (mM)

Figure 11. Motility response of strain 111b to external [Ca] in EMF
experiments at ion cyclotron resonance conditions (By = 0. Bh =

20.9 ^T. Bh,, = 41.8 iJ-T peak-peak at 16 Hz). Unfilled circles = EMF-

exposed: filled circles = sham-exposed; « = 3 in each case. Diatoms

were not pre-incubated before use, but were grown in ambient EMF.
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Figure 14. Motility response of strain IIIr (pre-incubated at Bv =

0, B„ = 20 /jT for at least 3 months) to external [Ca] in EMF experi-

ments at an even harmonic of ion cyclotron resonance conditions (By

= 0. Bh = 20.9 /jT. B„,, = 41.8 fiT peak-peak at 32 Hz). Unfilled circles

= EMF-exposed; filled circles = sham-exposed; /? = 3 in each case.

E3 2

Before addition of 5 mM Ca

O After addition of 5 mM Ca

No movement before addition in any case

JUL
12 3 4 5 6

Before removal of 5 mM Ca

n After removal of 5 mM Ca

LlliMlll
4 5 6 7

Observed diatoms

10

Figure 15. Mean (±SE) diatom speed recorded in real time on

addition (A) and removal (B) of 5 mM Ca to the perfusion chamber.

Measurements made in 10-s period prior to addition or removal and in

lO-s period I min after addition or removal (see text).

1.5 r

When the pre-incubation step was used, three strains

of A. coff'eaefonnis (#2038. IIIb. and III, ) showed a popu-

lation motihty response to EMFs. Strains IIIb and III,:

might be expected to respond since they are putative de-

scendants of the strain used in the original experiments.

That #2038 showed a response and #2036 and #2039 did

not may indicate intraspecific genetic variation in suscep-

tibility to EMFs— variation that presumably involves the

metabolism of Ca. Any susceptibility may already be lost,

however, because of the influence of selection and genetic

bottleneck effects on genetic drift (see above). Indeed,

with the exception of the experiments on strain IIIb (Figs.

10-14). EMF effects were generally ephemeral and the

controlling factor (be it genetic or environmental) is, as

yet, unknown. Reese et al. ( 1991) also reported an ephem-

eral response with strain #2038. All these observations

further emphasize the importance of using a responsive

strain of A. coffeaefonnis for these experiments, but they

also highlight the limitations of A. coffeaeformis as a

model for assessing EMF interactions with living systems.

We developed the system involving perfusion of media

over diatoms as a method for quantitatively monitoring the

movements of diatoms exposed to EMFs. The system has

0.5

1.5

I 1

0.5

A 16 Hz

B 32 Hz
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several advantages over the agar plate method: it allows

real-time /;; vivo recordings to be made of diatom speed and

direction while EMF stimulation takes place; diatoms re-

main alive at the end of the procedure and can be tested

again, if necessary; the activities of numerous diatoms can

be followed on repeated EMF exposure; positive control

tests (motility at high |Cal; no motility at low |Ca]) can be

performed on diatoms at the start and end of each procedure;

and the time required for both experimentation and analysis

is reduced. Results using this system demonstrated that ex-

ternal [Ca] can be manipulated to limit diatom motility (Fig.

15) and that EMFs at ion cyclotron resonance conditions,

but not at an even hamionic (using pre-incubated #2038

cells), increase the speed of motile diatoms (Fig. 16). EMFs

therefore act both to increase the proportion of motile dia-

toms within a population and to increa.se the speed of those

diatoms that show motility.

The positive results reported are consistent with ion

cyclotron resonance as the mode of interaction, although

tests designed to assess the validity of this mode of inter-

action were not performed. However, there are theoretical

reasons why ion cyclotron resonance is unlikely to be a

plausible mechanism (Halle, 1988; Male, 1992). The pres-

ent results are also consistent with later theories of "ion

precession" (Lednev, 1991; Edmonds, 1993), although

our experiments give no indication of mechanism, but

merely report a possible frequency window. That the Ca"*

ion is involved in the process of susceptibility of diatoms

to EMFs is not in doubt, and this ion has been implicated

in many other studies involving EMF interactions (e.g..

Fit/simmons et ai. 1994; Stefano et ai. 1994; Gamaley

et ai. 1995; see Goldberg and Creasey, 1991, and Mi-

chaelson, 1985, for reviews). McLeod ct al. (1992) sug-

gest that biological systems in transition, or those that are

working suboptimally, may be most susceptible to EMFs;

clearly the diatom system— motility limited by Ca— fits

this hypothesis. Nevertheless, the attention paid by work-

ers to the importance of Ca (see Michaelson, 1985) may

be unfounded because Ca is a common second messenger

in cellular systems (Alberts ct ai. 1994) and is likely to

be involved in the regulation of many cellular processes.

Thus the Ca"* ion may not be the link in the biochemical

chain that is directly influenced by EMFs, but merely the

ion used in destabilizing a system to look for EMF effects

and the ion deliberately made rate-limiting. Evidence sup-

porting Ca as the natural rate-limiter in biological pro-

cesses that can be modulated by EMFs is weak.

In conclusion, we have found the mediation of diatom

motility by EMFs to be at best ephemeral and reliant upon

the pre-incubation of cells in a specific electromagnetic

environment. (Nevertheless, independent replication of

bioelectromagnetic phenomena is rare and any such repli-

cability can only help establish bioelectromagnetic sci-

ence.) In addition, sensitivity to EMFs was demonstrated

in only three of five strains of A. cojfeaeformis tested. It

is our opinion that although the "diatom system" may

still constitute a useful cellular model for demonstrating

bioelectromagnetic effects, further development to iden-

tify and control subtle etiological factors is required be-

fore the system can be regarded as readily reproducible.
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Table I

Effect of light intensity on the niotilit}- of diatom strain #2038

exposed for 1 h on 5 niM added Ca plates (n = i in each case)

Diatom molility {%)

Flux density
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Table III

EMF lest results {mean % motilities ± SE on agar plates, n = 3): frequency response, t = t-vaUie of arcsine square-root transformed motility

data from exposed and sham-exposed 0.25 mM added Ca plates

Diatom
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Table IV

EMF test results (menu % motilities ± SE on agar plates, n = 3): amplitude response 1. t = \-value of arcsine square-root transformed motility

data from exposed and sham-exposed 0.25 mM added Ca plates and exposed and sham-e.xposed 5 mM added Ca plates

Diatom
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Table V

EMF test results (mean % motilities ± SE on agar plates, n = 3 1: amplitude response 2. t = l-value of arcsine square-root transformed motility

data from exposed and sham-exposed 0.25 mM added Ca plates and exposed and sham-exposed 5 mM added Ca plates

Diatom

strain
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Table VI

EMF test results (mean % motilities ± SE on agar plates, n = 3): amplitude response 3. t = {-value of arcsine square-root transformed motility

data from exposed and sham-exposed 0.25 mM added Ca plates and exposed and sham-exposed 5 hiM added Ca plates

Diatom

strain

Exposed

0.25 mM Ca

Control

0.25 mM Ca

Exposed

5 mMCa
Control

5 mM Ca
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Table VII

EMF test results (mean % motilities ± SE on agar plates, n = 3): ampliiiule response 4. t = l-valiie of arcsine square-root transformed motility

data from exposed ami sham-exposed 0.2!^ inM added Ca plates and exposed and sham-exposed 5 mM added Ca plates

Diatom
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Table VII {Continued)

Diatom

strain
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Table VIII

EMF test results (mean % moliUlies ± SE on agar plates, n = 3} at

(a) ion cyclotron resonance conditions for the ambient horizontal

field at Plymouth, an even harmonic and at 16 Hz: and (b) at

switched field axes at ion cyclotron resonance conditions, t = t-value

of arcsine square-root transformed motility data from exposed and

sham-exposed 0.25 mM added Ca plates

Control

5 mM Ca

Bv = /vT, Bh = (BHa,)/2 = ambient (16.5 pT) at 16 Hz
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Table XI

Effect of EMFs ar frequencies from 1 to 24 Hz IBy = ijT, Bh =

20.9 fiT, Bn„, = 41.8 ixT) on the distance moved by diatoms of strain

lll/r exposed for 1 h on 0.5 mM added Ca plates (distance data

pooled from triplicate plates: n = 30 in each case)

Mean distance moved

by diatoms ± SE (^ml

EMF frequency

(Hz) Exposed Control

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

46.9 ;

28.7 :

33.5 :

25.0 ;

35.6 :

38.2;

34.0 :

37.5 :

35.3 :

37.8 :

46.2 :

35.0 :

38.2 :

35.3 :

35.1 :

36.2 :

37.9 :

35.2 :

41.4

32.9

33.4

39.4

37.4

38.5

9.3

4.3

4.6

3.2

4.4

6.9

5.4

5.6

5.7

4.8

7.8

7.8

8.4

5.3

4.7

5.5

5.1

: 4.1

: 6.3

: 4.3

; 4.5

; 6.8

: 5.1

: 5.0

46.4 :

26.7 :

34.9 :

35.0 :

33.7 :

27.6 :

37.0 :

36.8 :

33.9

38.7

36.8

34.3

33.8

30.3

35.4

39.1

36.9

36.0

38.9

40.7

39.3

36.2

36.6

32.3

10.1

4.3

5.4

5.9

4.8

3.8

7.1

7.3

5.8

6.6

: 6.1

: 6.7

: 5.1

: 4.9

; 6.9

: 6.5

: 6.3

: 6.2

: 6.1

: 5.8

: 5.9

: 5.3

: 5.2

: 4.3

Two-factor analysis of variance table

Source of

variation d.f. SS MS

EMF on/off
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Abstract. Minerals have been found in the radular teeth

of molluscs from the classes Caudofoveata, Polyplaco-

phora, Monoplacophora. and Gastropoda (Patellogastro-

poda: Acmaeidae, Patellidae). Here we report the discov-

ery of amorphous iron oxide and hydroxyapatite in the

highly modified radular apparatus of Falcidens sp. (Cau-

dofoveata). The mineralization process in Falcidens sp.

is unique: the components of the radular apparatus, unlike

those of other molluscs, are not renewed during the ani-

mal's lifetime. We propose that the presence of mineral-

ized teeth among the molluscs is not necessarily con-

nected to their manner of obtaining food and suggest that

the molluscan common ancestor had mineralized teeth.

Introduction

The radula is one of the most characteristic organs of

the phylum Mollusca. lacking only in the class Bivalvia.

The function of the radula is to obtain food. The basic

pattern of most radulae consists of several to numerous

transverse rows of radular teeth with bilateral symmetry

relative to the main axis, supported by a thin radular

membrane. The radula lies within the radular sac, an inva-
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gination of the buccal cavity, where it is continuously

produced at the proximal end (Brusca and Bioisca, 1990).

In some molluscan groups, mineralized compounds are

associated with the organic matrix of the teeth. Best

known among the groups that have mineralized teeth are

the limpets (Gastropoda: Acmaeidae. Patellidae) and chi-

tons (Polyplacophora). In chitons, the second lateral tooth

is mineralized primarily by magnetite (FcOj) (Lowens-

tam, 1962a). However, ferrihydrite (5 Fe.03.9 H^O). lepi-

docrocite (y-FeOOH), maghemite (y-Fe.O, ), goethite (a-

FeOOH). and apatite (crystalline calcium phosphate) also

occur (Lowenstam, 1967; Towe and Lowenstam. 1967;

Kim et ai. 1989; St. Pierre et al.. 1992). In limpets, the

radular teeth are impregnated only with goethite and opal

(SiOj.nHjO) (Lowenstam, 1962b, 1971).

The Caudofoveata (=Aplacophora; Chaetodermomor-

pha) is a class of marine worm-like molluscs. Until re-

cently the class had received little attention (Scheltema et

ai. 1994; Ivanov, 1996) and the only known mineralized

structures were the spicules that cover the body. These

spicules present different morphologies in different re-

gions of the body surface and are composed of the crystal-

line calcium carbonate polimorph aragonite (CaCO, ). On

the other hand, precipitates rich in aluminum, calcium,

phosphorus, and iron have been reported in the teeth of

Chevroderma turnerae (Prochaetodermatidae) (Tillier

and Cuif, 1986). In its jaws, sodium, magnesium, alumi-

num, phosphorus, calcium, and small quantities of iron

have been detected (Tillier and Cuif, 1986). Another class

224
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only recently studied which has mineralized compounds

in its teeth is the Monoplacophora (= Tryblidiida) (iron

oxide, Lindberg, 1986; Haszprunar, 1988; McLean,

1990). These results suggest that the more primitive mol-

luscan classes (e.g., Caudofoveata and Monoplacophora)

should be investigated as potential models for the study

of biomineralization. In the present study, we report the

discovery, through analytical electron microscopy, of

mineralized compounds in the radular apparatus of Falci-

dens sp. (CaudofoveataiChaetodermatidae), and we pro-

pose some interpretations of these results from an evolu-

tionary perspective.

Materials and Methods

The specimens of Falcidens sp. (Rios, 1994) were col-

lected in 1986 on the continental slope (22° 55' S, 42°

00' W and 23° 05' S, 42° 20' W) off Rio de Janeiro

State, Brazil, at depths between 25 and 97 m. They were

immediately fixed in buffered formaldehyde at 4% for 24

h and stored in 70% ethanol.

Scanning electron microscopy (SEM)

Radular apparatuses were placed under a light micro-

scope and dissected. They were then cleaned in 1 N NaOH
for 2 h at 70°C, rinsed in distilled water, dehydrated in

an ethanol series, critical-point dried, and gold sputtered.

Finally, they were examined with a Zeiss DSM 940.

Transmission electron microscopy (TEMj

Radular apparatuses were viewed under a light micro-

scope and extracted, then embedded in Spurr resin. Ultra-

thin (~ 90-100 nm) sections were mounted on copper

grids and examined without any stain. Transmission elec-

tron micrographs and electron spectroscopic diffraction

(BSD) patterns (Reimer et ai, 1990; Barckhauss et al..

1991 ) were obtained with an energy filtering electron mi-

croscope (Zeiss CEM 902) operating at 80 kV.

Energy dispersive X-ray analysis (EDXA)

Unstained, ultrathin sections were examined in the

TEM mode of a Zeiss EM 912 analytical electron micro-

scope, operating at 100 kV and equipped with a silicon/

lithium detector (Oxford). Selected areas down to 0.1 pm
were analyzed for 100 s.

Electron spectroscopic images (ESI)

Unstained, ultrathin (« 40-60 nm) sections were

mounted on copper grids. To determine the net element

composition of a specific area, electron spectroscopic im-

ages (Bauer, 1988) were recorded using the Zeiss CEM

902 operating at 80 kV (energy-selecting slit: 20 eV) and

a digital analyzer (Kontron-Zeiss).

Results

The radular apparatus of the family Chaetodermatidae

is highly modified when compared to the basic pattern

found in most molluscs (Scheltema. 1972. 1976, 1981;

Salvini-Plawen, 1988). The first complete light micros-

copy description of the Falcidens radula was made by

Scheltema (1972). In Falcidens sp. (Fig. 1, A, B, C) the

radular apparatus is constituted by one pair of teeth ac-

companied by a second denticle-like pair. These teeth are

attached to the end of a cone-shaped piece (radular cone).

Two lateral membranes extend almost one-third the length

of the radular cone. In the main region of the radular

apparatus are a circular structure known as the axial plate

and one pair of bar-shaped apophyses. Transmission elec-

tron micrographs of transverse sections of the unstained

radular apparatus of Falcidens sp. (Fig. ID) reveal that

the axial plate in fact is composed of two parallel, elec-

tron-dense plates. These plates are connected to the radu-

lar lateral membrane near the radular cone (Fig. IE).

EDXA analysis of sections containing the axial plate

shows deposits rich in iron, silicon, oxygen, sulfur, phos-

phorus, and calcium (Fig. 2A). The denticles (Fig. 2B)

and the second denticle-like pair also contain these ele-

ments. The radular cone, the periphery of the axial plate,

and the periphery of the denticles and denticle-like pair

do not exhibit mineralized compounds. Frontal sections

of a denticle (Fig. 3A) show that the entire tooth is elec-

tron dense, except at the periphery, and in some internal

regions dark precipitates are observed. When viewed at

higher magnification, the dark precipitates are seen as

several needlelike crystals (Fig. 3B) oriented parallel to

the organic fibers. ESI of iron in sections from the sample

in Figure 3A show that this element occurs mainly in the

core of the denticle (Fig. 3C). Oxygen was found to be

distributed in the whole section of the denticle (Fig. 3D).

By the same technique, phosphorus (Fig. 3E) and calcium

(Fig. 3F) were shown to be restricted to the periphery,

where the precipitates are more electron dense. The asso-

ciation of iron with oxygen is interpreted as iron oxide

in an amorphous state, since no diffraction spots were

detected by ESD. Diffraction patterns of the regions rich

in calcium, phosphorus, and also oxygen are compatible

with hydroxyapatite, Ca5(P04)3(OH) (Fig. 4).

Discussion

The morphology and the mineralization process in the

radular apparatus of Falcidens sp. are markedly different

from those of chitons and limpets. The radulae of those

two groups have several rows of teeth in different stages
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2 3

Figure 1. The radular apparatus of Falciden.s sp. (A) Representalive drawing of the apparatus showing

dentieles (1), second denticle-like pair (2). axial plate (3), bar-shaped apophyses (4). lateral membrane (5).

and radular cone (6). (B) Scanning electron micrograph showing the radular cone (open circle) and lateral

membrane (arrow). Scale bar in (B), 20 fim. (C) Anterior view of radular apparatus showing a denticle

pair (arrowheads), second denticle-like pair (arrows), and axial plate (open circle). The scale bar m (B)

represents 4.5 /j.m in (C). (D) Transmission electron micrograph (TEM) of a transverse section through a

region indicated in (C) by the dotted line. Curved arrows show the components of the axial plate; also

shown are denticles (arrowhead), second denticle-like pair (arrow), and particles of marine sediments (open

arrowheads) that have been retained in the radular apparatus. The open circles indicate the regions selected

for energy dispersive X-ray analysis. (E) TEM of a transverse section through the region indicated in (C)

by the continuous line. Denticle (arrowhead), second denticle-like pair (arrow), and axial plate (curved

arrows) are seen. The .scale bar in (B) represents 4.9 ^m in (D) and (E).
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Figure 2. Energy dispersive X-ray analysis spectrum representing

the elemental composition of the axial plate (A) and denticle (B) ot

Falcideiis sp. The same elements are present in both structures. The .v

axis represents X-ray energies in kiloelectron volts. The y axis represents

counts per second (arbitrary scale tor qualitative comparison). The cop-

per peak comes from the grid bar.

of mineralization, ranging from immature teeth (con-

taining only soft organic structures) to fully mineralized

mature teeth (Kirschvink and Lowenstam. 1979; Lowen-

stam and Weiner, 1985; Mann et al.. 1986). Most of these

animals are herbivorous scrapers (Steneck and Watling.

1982) whose teeth are abraded and broken during feeding

(Webb et al. 1989) and are continuously replaced (Webb

et al, 1990). The Chaetodermatidae. however, are selec-

tive carnivores (Scheltema, 1981), and their denticles,

axial plate, and lateral membrane persist throughout their

life span (Luitfried von Salvini-Plawen. pers. comm.).

Since these structures are not renewed, it seems that a

continuous process of mineralization does not occur, in

contrast to chitons (Kirschvink and Lowenstam, 1979)

and limpets (Mann et al. 1986).

Impregnation of the denticles of Falcidens sp. with a

crystalline phosphorous mineral, hydroxyapatite, consti-

tutes an unusual example of mineralization in inverte-

brates. The great majority of invertebrates exhibit calcium

phosphates only in the amorphous state (Taylor and Sim-

kiss, 1994). Among the invertebrate structures reported

to have crystalline phosphorous minerals (apatite) are the

radular teeth of the Polyplacophora (Lowenstam, 1967),

the shells of inarticulate brachiopods (LeGeros et al.

1985), and the shell plates of certain barnacles (Lowens-

tam et al.. 1992). The presence of amorphous iron oxide

as a final product of mineralization in the denticles and

axial plate of Falcidens sp. is also unusual and does not

occur among chitons and limpets. In those two groups, the

final form of the iron biomineral is invariably crystalline,

although the presence of soluble silicon in limpets can

dramatically retard the process of iron oxide crystalliza-

tion in some areas of the tooth (Mann et al., 1986). The

presence of silicon associated with iron may account for

the amorphous state of the iron in the denticles and axial

plate of Falcidens sp.

Unlike most chitons (Lowenstam, 1962a; Steneck and

Watling, 1982) and limpets (Steneck and Watling, 1982;

Van der Wal, 1989), which graze on hard rocks in the

intertidal and near-tidal regions, Falcidens sp. does not

show a clear association between the presence of minerals

in its teeth and its manner of obtaining food. In Falcidens

sp., the denticles are thought to act as a pincers, grasping

the food (e.i^.. foraminifers) with precision (Scheltema,

1981). In fact, the great majority of Caudofoveata (includ-

ing the genus Falcidens) obtain food without performing

or enduring any kind of abrasive action in their radular

teeth (Scheltema, 1981, 1988). The presence of mineral-

ized compounds in the teeth of nongrazing species also

occurs among the Polyplacophora: some carnivorous spe-

cies in that class have teeth tnineralized by magnetite

even though they are not used to scrape the substrate

(Lowenstam and Weiner, 1989). The deep-sea chitons

(deposit feeders) that consume marine sediinents to ex-

tract the nutritional contents also have mineralized teeth,

although they do not graze (Lowenstam and Weiner,

1989). However, the buccal musculature in these species

is greatly reduced in comparison with that of grazing

species from shallow water (Menzies et al.. 1973). These

observations suggest that the presence of tnineralized

teeth among the molluscs is not necessarily related solely

to grazing. The hypothesis that the mineralization could

increase the stiffness of the denticles and thus be an ad-

vantage also for nongrazing individuals such as Falcidens

sp. cannot be rejected.

In a recent phylogenetic study of the extant MoUu.sca

(Scheltema, 1993), the existence of two separate evolu-

tionary molluscan lineages was proposed. The Solenogas-

tres (=Neonieniomorpha), Caudofoveata (=Chaetoder-
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Figure 3. Frontal sections of the denticle of Falcidens sp. (Al Transmission electron micrograph of a

frontal section showing regions with highly electron-dense precipitates peripheral to less electron-dense

region in the core. (B) High magnification of a denticle section showing the presence of several needlelike

crystals aligned with the organic fibers. (C-F) Electron spectroscopic images from the section in (A),

showing the presence of iron (C), oxygen (D), phosphorus (E), and calcium (F). A comparison of (E) and

(F) suggests that the phosphorus is associated with the calcium. Scale bar in (A), 1.25 ijm. Scale bar in

(B), 90 nm.

Figure 4. Electron spectroscopic diffraction pattern of the dark re-

gion (open circle) in Figure 3 A, showing Debye-Scherrer rings of

hydroxyapatite. Black arrow indicates hydroxyapatite (002) lattice

planes.

momorpha). and Polyplacophora were grouped in the sub-

phylum Aculifera, and the Monoplacophora. Bivalvia,

Gastropoda, Scaphopoda. and Cephalopoda were placed

in the subphylum Conchifera. The Solenogastres. Caudo-

foveata, Polyplacophora, and Monoplacophora are con-

sidered "primitive'" groups (Salvini-Plawen. 1980; Hasz-

prunar, 1988; Scheltema, 1993). Based on the retention of

ancestral characters in its radular apparatus (docoglossate

radula), the order Patellogastropoda (=Docoglossa)— in-

cluding the Acmaeidae and Patellidae— is considered to

be the earliest offshoot of Gastropoda (Haszprunar, 1988;

McLean, 1990). The ancestral characters mentioned

above are a stereoglossate radula apparatus with a weakly

developed rhachis tooth and mineralized lateral teeth

(Haszprunar, 1988). These characters are also present in

the Polyplacophora and Monoplacophora (Wingsrand,

1985; Haszprunar, 1988; McLean, 1990). Apart from

monoplacophorans and limpets, the Conchifera show no

evidence of mineralized compounds in the radulae (Jones

et al.. 1935; Lowenstam, 1962a; Haszprunar, 1988). We
suggest that the presence of mineralized compounds in the

radula may be a plesiomorphic character in the phylum

Mollusca. The existence of a common molluscan ancestor
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Figure 5. Phylogeny of the extant Mollusca (adapted from Schel-

tema. 1993). Biogenic minerals in the radular teeth of Mollusca: com-

mon molluscan ancestor with mineralized teeth (probably iron oxidel;

Solenogastres. should be investigated: Caudofoveata, presence of iron

oxide and apatite (this work); Polyplacophora, presence of iron oxide

and apatite (Lowenstam, 1962a; Lowenstam, 1967); Monoplacophora.

presence of iron oxide (Lindberg. 1986); the presence of iron oxide

and opa! (Lowenstam. 1962b, 1971) was reported only in the families

Acmaeidae and Patellidae (Patellogastropoda:Gastropoda). All Other

Conchifera refers to the classes Bivalvia, Gastropoda, Scaphopoda, and

Cephalopoda. Iron oxide is present in all of the groups that have mineral-

ized teeth.

with mineralized teeth would satisfactorily explain the

presence of mineralized compounds in the radulae of dif-

ferent extant molluscan classes (Fig. 3). This hypothesis

would be reinforced if mineralized compounds could be

found in the teeth of the Solenogastres.

The presence of apatite, a rare mineral among inverte-

brates, in the same structure (radular teeth) of two distinct

groups (Caudofoveata and Polyplacophora) reinforces the

evidence that the mineralization of molluscan teeth did

not appear independently in these groups, and suggests

that this is a heritable character from a common molluscan

ancestor.
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Abstract. Sulfated carbohydrates may play a role in the

biomineralization of the moUuscan shell. The carbohy-

drates of the extracted water-insoluble organic shell ma-

trix (IM) of the freshwater snail Biomphalaria glabrata

were identified as glucose, mannose. galactose, and iV-

acetyl-glucosamine, whereas the water-soluble organic

matrix (SM) additionally contained A'-acetyl-galactos-

amine. A specific lectin binding pattern of the matrix was

obtained. One prominent protein of the SM, with a size

of 19.6 kDa and a pi of 7.4, was shown to be a glycopro-

tein with terminal glucosyl or mannosyl moieties. The

acidic constitutents of the matrix showed a variety of

possible terminal sugars, indicating a heterogenous mix-

ture of proteoglycans or glycosaminoglycans (GAGs) and

glycoproteins.

At the shell-forming mantle edge, an alcian-blue-posi-

tive material was observed in the periostracum groove

(PG), the belt, and apically in the cells of the outer mantle

epithelium (OME). With the help of lectins, all sugars in

question were detected in the PG and the belt, whereas

the OME was bound by glucose/mannose- and GlcNac-

specific lectins only. Although the complete set of GAGs
will be produced in the PG and the belt, a very acidic

fraction of GAGs and the 19.6-kDa protein can also be

delivered by the OME.

Introduction

The biomineralization of the molluscan shell is con-

trolled to a high degree by the organic shell matrix. The
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Abbreviarions: GAG, glycosaminoglycan; IM. water-insoluble or-

ganic matnx; IME, inner mantle epithelium; OME, outer mantle epithe-

lium; PG, penostracum groove; SM, water-soluble organic matrix.

processes that have to be controlled are the crystal nucle-

ation and then the modification, morphology, and size of

the growing crystals. Macromolecules from the molluscan

water-soluble organic matrix (SM) can modify calcium

carbonate crystals in vitro (Belcher et al.. 1996; Falini et

al, 1996). Furthermore, acidic macromolecules from the

SM can influence the crystal morphology by stereoselec-

tive binding (Addadi and Weiner, 1985).

The shell-building tissue of molluscs, the mantle, se-

cretes all shell material into the extrapallial space below

the periostracum. Here, the shell is formed in a way that

is still scarcely understood. The mantle edge of pulmo-

nates can be morphologically and physiologically divided

into five zones (Timmermanns, 1969: Bielefeld et al..

1993a), which should reflect functional units. If the exact

function of each unit could be defined successfully, the

sequence of the functional units would allow us to draw

conclusions about the chronology of the mineralization

process. Therefore, it is of special interest to localize the

production site of specific matrix components at the man-

tle edge.

In the past, analysis of molluscan shell matrices con-

centrated mainly on the proteins, and minor attention was

paid to its carbohydrates. The interest focused primarily

on chitin, which is found in the water-insoluble organic

matrix (IM) of many molluscs (e.g., Poulicek ef a/., 1991)

and could play a special role in the structural framework

of the shell (Weiner and Traub. 1984; Falini et al., 1996).

But other carbohydrates, especially in the SM, should be

investigated because they might provide sulfate groups,

which possibly concentrate calcium in the shell (Addadi

et al.. 1987).

In the SM of several oysters, hexosamines or hexoses

and uronic acids are found in combination with sulfate

(Crenshaw, 1972; Samataand Krampitz, 1982). Similarly,

231



232 J. C. MARXEN ET At.

in the SM of the aragonitic cross-lamellar structured shell

of the freshwater gastropod Bioinpludaha liUihniici. the

amounts of hexosamines, hexoses. uronic acids, and sul-

fate were 8.8%. 12.7%. 2.1%. and 14% (w/w). respec-

tively (Marxen and Becker, 1997). After SDS-electropho-

resis. the SM showed considerable material stained posi-

tively with Stains-all and alcian blue. These stained areas

probably represent glycosaminoglycans (GAGs) bound

to proteins. Prominent among the matrix proteins of B.

glahraia was one that, with a size of 19.6 kDa. an isoelec-

trical point of 7.4. and a hydrophobic A'-terminus (Marxen

and Becker. 1997). might be a glycoprotein.

Our approach in this study was the biochemical identi-

fication of the carbohydrates in the organic shell matrix

of B. glahraia. and the detection of glycoproteins. We
expected that the histochemical localization of carbohy-

drates at the shell-building mantle edge would reveal

where the glycosylated components of the organic shell

matrix are secreted.

Materials and Methods

Animals

Between 200 and 300 snails of the species Biomphala-

ria glabrata (Say. 1818) (Basommatophora. Planorbidae)

were kept in 80-1 aquaria with a water exchange of about

200 1 of dechlorinated tap water per day. The water was

preheated to 28 ± TC, and the illumination cycle was

12 h light to 12 h dark. The animals were fed ad libidiim

with a food prepared according to Standen (1951).

Extraction of the shell matrix

The organic matrix of the shell was extracted as de-

scribed elsewhere (Marxen and Becker. 1997). Briefly:

100 g of powdered shell, including the periostracum. was

suspended in 50 ml 10 ' M HCl. The shell powder was

decalcified with HCl under continuous stirring at +4°C.

the pH never dropping below 5.0. Each time the volume

reached 250 ml. the pH was adjusted to 7.4 and the prepa-

ration was allowed to rest for 30 min.. then centrifuged

for 20 min. at 16.000 x g. The supernatants were stored,

and the preservatives NaN, and AEBSF (4-( 2-aminoethyl)

benzenesulfonyl fluoride) added. The pellet remaining

after decalcification was washed, lyophilized. and termed

insoluble matrix (IM). All supernatants from the decalci-

fication were combined and dialyzed with 20 changes of

the sixfold volume against bidistilled water. Material that

precipitated during dialysis was removed by centrifuga-

tion at 10^ X g for 30 min. This pellet had an intermediate

degree of solubility in water and was not further investi-

gated. The volume of the supernatant of the 10'-,i,' centri-

fugation was reduced by lyophilization to 20 ml and fur-

ther desalted on a P-2 column (Bio-Rad). The void vol-

ume was lyophilized and termed the soluble matrix (SM).

Determination of alkali-resistant hexosannnes

Protein was removed by boiling the matrix samples for

6 h in 0.5 M NaOH and then washing with 1 M HCl,

95% (v/v) ethanol. acetone, and 100% ethanol (Jeuniaux,

1963). In the alkali-resistant residue, hexosamines were

quantified using Ehrlich's reagent as described by Elson

and Morgan (1933) and modified by Kabat and Meyer

(1961).

Infrared spectrometry

A KBr pill of the soluble or insoluble organic matrix

of B. glabrata was prepared according to the method of

Giinzler and Bock (1983), using 1% of dried organic shell

matrix, and analyzed on a Perkin Elmer 841 infrared spec-

trometer. For a better detection of chitin. protein was

removed from some samples of the IM, as described

above.

Gas chromatography

Sugars were identified with gas chromatography (Hew-

lett Packard. Model 437A) using a 10 m x Vs inch column

packed with 3% silicone OV 225 on Chromosorb W HP
80-100 mesh. Samples were prepared according to

Chaplin (1982). An optimal methanolysis was achieved

with 2M HCl for 16h at 85°C. The dry. methanolyzed

samples were dissolved in 500 pX waterfree methanol and

mixed with 10 /jl pyridine and 50 p\ acetic anhydride.

After 1 5 min of incubation at room temperature, the sam-

ples were dried overnight (Kozulic et ai. 1979). The

reacetylated samples were mixed with 100 /j1 silylation

reagent (trimethylsilyl imidazole : A',0-bis-(trimethylsi-

lyl)-acetamide : trimethylchlorosilane = 3:3:2) (Sweeley

et ai. 1963). and incubated for 15 min at 70°C and for

45 min at room temperature. Inositol was used as an inter-

nal standard. Injector and detector temperatures were

250°C. and the elution program was 2 min at 1 20°C. rising

by 6°C/min. to 220°C.

Lectin binding to the soluble matrix

For the visualization of the lectin binding to the SM,

an assay analogous to an ELISA was used. Between all

subsequent steps the microliter plate was washed three

times with wash solution (150mW NaCl -I- 0.1%f (v/v)

Tween 20). 200 ^1/well. A 96-well microtiter plate was

coated with SM, each well with 10 pg protein/50 p\ 0.2 M
sodium carbonate buffer. pH 9.5. Unspecific binding was

bk)cked with 200 /vl/well blocking buffer: 1% (w/v) car-

bohydrate-free BSA in 50 mMTris/HCl + 150 mMNaCl,

pH 7.5. Stock solutions of the biotinylated lectins (Vector,

Burlingame. CA) were prepared in a concentration of

I mg/ml in 10 mM PBS + 150 mM NaCl, pH 7.4 -H

O.iy/c (w/v) BSA + Q.\% (w/v) NaN,. The lectins of the

stock solutions were diluted 1:100 with dilution buffer:
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50 rtiM Tris/HCl + 150 niM NaCl, pH 7.5 + 0.5% (w/v)

BSA + 0.05% (v/v) Tween 20. This lectin test solution

(50 ^i/well) was incubated with the SM for 30 min at

37°C. Thirty minutes prior to use, the complex of avidin

and biotinylated peroxidase (ABC) (Vector) was pre-

pared; each component was diluted 1:200 in the dilution

buffer. The ABC was incubated 50 /.xl/well for 30 min at

37°C. As a final step, 50 /il/well of the substrate solution

were incubated for 30 min at 37°C in the dark. ABTS
(2,2'-azinobis(3-ethylbenzthiazoline-6-suifonic acid) in a

concentration of 95.3 mg/100 ml substrate buffer was

used as a chromogene. The substrate buffer was 50 mg

sodium perborate trihydrate + 836 mg citric acid mono-

hydrate -(- 1068 mg disodium hydrogen phosphate dihy-

drate filled up to 100 ml with bidistilled water, pH 4.5.

The optical densities at 405 nm were measured with a

microplate reader. The quality of all lectins was tested

with appropriate neoglycoproteins, which replaced the

SM in these controls. The unspecific binding of the lectins

to the microliter plate was tested, leaving some wells

uncoated. The specificity of the lectin binding to the SM
was tested by preincubating the lectins with suitable car-

bohydrates for 30 min. The binding was considered spe-

cific only when an inhibiting effect was observed.

Lectin binding to the insoluble matrix

The investigation of the lectin binding to the IM was

carried out in small plastic centrifuge vials. All buffers

and reagents were as described for the lectin binding to

the soluble matrix, except that the lectin stock solutions

were diluted 1:200, and the ABC-complex 1:400. with

dilution buffer. The sample solution was 1 mg/ml dilution

buffer. The vials were filled completely with blocking

buffer, kept overnight at 4°C, and then emptied. Next,

25 ^1 of the constantly stirred sample solution plus 100 ^1

of diluted lectin was placed in the emptied vials and incu-

bated for 30 min at 37°C. The vials were washed three

times with 300 /xl wash solution and centrifuged at 8000

X g for 3 min in between. A 100-^1 sample of the ABC
was incubated and washed in the same way. After incuba-

tion with 100 /il of substrate solution for 15 min, 50 /j1

was pipetted into a microplate for measuring the optical

densities at 405 nm.

Isoelectrical focusing

The isoelectrical focusing (lEF) was performed ac-

cording to the recommendations of Serva (Heidelberg,

FRG). Servalyt precotes (125 X 125 mm) with a poly-

acrylamide layer of 150 //m and a pH gradient from pH

3.0 to 10.0 were used. After 30 min of prefocusing, the

samples were loaded and separated for 1 .5 h with a maxi-

mum of 2000 V, 6 mA. and 4 W at 4°C.

Lectin binding to the isoelectric focusing gel

When the lEF run was finished, biotinylated lectins

were applied directly to the gel according to a procedure

modified from Allen et al. (1976). The gel was fixed with

12.5% (v/v) TCA for 15 min and washed three times with

wash solution (see Lectin binding to the soluble matrix).

The gel was incubated under constant shaking for 1.5 h

at room temperature with lectins from the stock solutions,

diluted 1:100 with 50 mM Tris/HCl -I- 150 mM NaCl, pH

7.5, -I- 0.1% (v/v) Tween 20, and washed three times.

ABC, diluted 1:50 in the same solution 30 min prior to

use, was incubated for 1 h. AEC (3-amino-9-ethylcarba-

zole), dissolved in DMF (dimethylformamide) 4 mg/ml,

was used as a chromogene. The freshly prepared substrate

solution contained 76 ml of 0.05 M acetate buffer, pH 5.0,

4 ml of AEC in DMF, and 400/71 3% (v/v) H.O,. The

gel was incubated in the dark with the substrate solution

until intense red bands appeared.

Histological detection of mucus

Pieces of the mantle edge were fixed by three methods.

Method 1 : Fixation for 28 h at room temperature in 2%
(v/v) glutardialdehyde in 0.05 M cacodylate buffer, pH

7.4. Method 2: Fixation for 24 h at room temperature in

4% (v/v) formaldehyde in 0.067 M phosphate buffer, pH

7.4, with 0.57r (w/v) cetylpyridinium chloride added.

Method 3: Fixation for 18 h at 4°C in 4% (v/v) formalde-

hyde in picric-acid-saturated ethanol with 5% (v/v) acetic

acid. After embedding in paraplast, sections of 5-//m

thickness were cut, and the Paraplast was removed. Mu-

cus and mucus cells were stained with 1% (w/v) alcian

blue 8GX in 3% (v/v) acetic acid at pH 2.5 and counter-

stained with either Kemechtrot or PAS. For the differenti-

ation between carboxylic and sulfate groups, the alcian

blue staining at pH 1.0 (Lev and Spicer, 1964) and the

critical electrolyte concentration (Scott and Doriing,

1965) were carried out.

Lectin histochemistry

Pieces of the mantle edge were fixed for 26 h at room

temperature in 2% (v/v) formaldehyde in a solution of

25% (v/v) ethanol. 25% (v/v) ethyl acetate. 5% (v/v) ace-

tic acid, and 0.5% (w/v) picric acid. From sections of 7-

/jm thickness, embedded in Paraplast, the Paraplast was

removed, and the endogenous peroxidase was blocked

with 1% (v/v) HjO. in 100% methanol. Unspecific bind-

ing was blocked with 2% (w/v) BSA in PBS (150mM

NaCl, buffered with 10 mM phosphate, pH 7.4). The sec-

tions were incubated with biotinylated lectins (Vector

Laboratories, Burlingame, CA), in dilutions from 1:50 to

1:1600 in PBS, pH 7.4, containing 0.25% (w/v) BSA and

0.1% (w/v) NaN, for 18 h at 4°C in a moistened chamber.

After careful rinsing with PBS, the avidin-biotin-peroxi-
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Figure 1. The infrared ab^o^ption spectra from (a) the extracted water-insoluble organic matrix fraction

of the Biomphalaha glabram shell; (b) the alkali-treated, protein-free water-insoluble organic matrix; (c)

chitin from crabshell; (d) the extracted water-soluble organic matrix fraction of the B. glabnmi shell; (e)

mucin from bovine submaxillary glands; (f) chondroitin sulfate A from bovine trachea.

dase complex (Vector) was incubated for 30 min at room

temperature. After rinsing with PBS. the staining was

carried out with 0.08% (w/v) DAB, 0.075% (w/v) NiCl..

and 0.01% (v/v) HjO. in Tris-buffered solution, pH 7.4,

for 20 min at room temperature. Controls: ( 1 ) without

lectin, (2) without ABC, (3) without DAB, (4) lectins

preincubated with their specific sugar.

Results

Hexosamine quantification and infrared spectrometry

In this preparation, the IM of B. glabrata included the

periostracum. Of the hydrolyzable part of the IM (63.5%

[w/w]), 3.4% (w/w) was composed of hexosamines. After

a previous alkaline treatment, alkali-resistant hexosa-

mines represented 2.9% (w/w) of the IM— that is, 85%

(w/w) of the total hexosamines. The hexosamines of the

SM were not alkali-resistant.

The finding of alkali-resistant hexosamines in the IM

hinted at the occurrence of chitin. The infrared absorption

spectra of the IM and SM of the Bioniphalaria glahrata

shell (Fig. 1) were examined to see whether chitin was

visible in the IM and whether the occurrence of GAGs

in the SM could be confirmed. The main absorption bands

are listed in Table I.

The pattern of the IM (Fig. la) differed from that of
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Table I

Positions of the main infrared absorption hands of the extracted water-soluble organic matrix fraction of the Biomphalaria glabrata shell (SM).

mucin from bovine submaxdlary glands, chondroitin sulfate A from bovine trachea, the water-insoluble matrix fraction (IM). the alkali-lrealed

protein-free IM. and chitin from crabshell: appropriate functional groups are suggested in the left column
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Table III

The binding pattern of lectins to tlie extracted water-soiidile (SM) and insotulile (IM) organic matrix fractions of tlie Biomphalaria glabrata sliell

Lectin
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Figure 2. Isoelectrical focusing of the extracted water-soluble or-

ganic matrix fraction of the Biomphalaria glahrata shell and application

of lectins. Std = standard proteins; Coom = matrix, stained with Coo-

massie brilliant blue; ConA. WGA. and MPA = lectins: Alz = matrix,

stained with alcian blue.

the belt. The calcium cells in the interstitiiim bound al-

most all lectins, but no inhibition by the specific sugars

occurred, indicating merely an unspecitic reaction.

Discussion

Chitin

The hexosamines of the IM were mainly alkali-resis-

tant, so the matrix could contain chitin. The infrared spec-

trometry could not, however, confirm this assumption

(Fig. lb). Bielefeld cl al. (1993a), using electron micros-

copy, found WGA binding sites in the periostracum of

B. glabrata. After a chitinase digestion, the reactivity of

these sites was reduced, but not negative. The cells at the

PG and the belt, however, were not affected by chitinase.

The results indicate that chitin is one of the GlcNac-

positive components of the periostracum of B. iilaivaia.

but the amount may be considered rather low.

Glycoproteins und proteoglycans

Prominent among the proteins of the SM of B. glahrata

is one that has a size of 19.6 kDa and an i.soelectrical

point of 7.4. A'-terminal microsequencing revealed that

15 or 16 of the 24 amino acids identified in the 19.6-kDa

protein were hydrophobic (Marxen and Becker. 1997).

Because of its high pi, this protein cannot be directly

involved in the binding of calcium. As demonstrated by

the binding of lectins to the lEF gel (Fig. 2, Table IV),

this protein is glycosylated with glucosyl and mannosyl

moieties, singly or in combination. Thus, this glycopro-

tein contains hydrophobic as well as hydrophilic domains

and may have evolved from a membrane protein. In the

SM of MytUiis I'dulis. Keith cl al. (1993) found a protein

with a size of 21 kDa and a highly hydrophobic A'-termi-

nus with a .sequence that was identical in the positions 7,

8. and 9 to that of the 19.6-kDa protein of B. glahrata.

It is not known, however, whether the 21 -kDa protein

from M. edulis is glycosylated. Mann et al. (1988) ob-

served a change in the modification of calcium carbonate

crystals under a stearic acid monolayer. The hydrophiibic

and hydrophilic parts of the 19.6-kDa protein (and per-

haps also the 21 -kDa protein from M. edulis) could give

molecules of this kind a detergent-like quality, by which

ihey might— among other possible functions— play a

role in the determination of the crystal modification.

The acidic material of the SM of B. glahrata shows

a variety of possible terminal sugar moieties at various

isoelectrical points (Fig. 2. Table IV). Although the main

part with a broad range of isoelectrical points is bound

by the Gal- or GalNac-specific MPA, only a very acidic

component is detected by the GlcNac-specific WGA. A
lower acidic part is detected by ConA, pointing to Man or

Glc, which are not common sugars in GAGs. The results

indicate the occunence of several different GAGs and gly-

coproteins. Mixtures of GAGs are common in vertebrates

(Volpi, 1996) as well as in molluscan tissues (Dietrich et

al.. 1983). Cottrell et al. (1994) detected a large number of

hexoses and hexosamines in the body mucus of the slug

{Ariou ater) and showed that— in addition to the main

fracfion, which probably is heparan sulfate— other, uniden-

tified GAGs unknown in vertebrates must also be present.

Moreover, in invertebrates the variable glycosylation of one

core protein is possible (Har-El and Tanzer. 1993).

Mucopolysaccharides have been found in other mol-

luscan shells as well (Simkiss, 1965; Worms and Weiner,

1986), but their function in the shell remains questionable.

Sulfated polysaccharides have been discussed as possible

calcium-binding sites (Wilbur, 1976) and, becau.se of their

appearance in the center of nacreous tablets, could play

a role in the nucleation and the growth inhibition of the

mineral (Crenshaw and Ristedt, 1976).
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All the glycosylated components of the matrix can be

produced in cells of the PG (Zone 1 ) and the distal belt

(Zones 2 and 3). In contrast to Zones 1 to 3, the proximal

belt (Zone 4) and the OME (Zone 5) exhibited only termi-

nal GlcNac and Man/Glc, respectively pointing to the

production of a GAG with a pi of 3.5 and to the less

acidic glycosylated material, the 19.6-kDa glycoprotein,

or both. The lectin binding pattern of the mantle edge

indicates a functional differentiation among the various

kinds of GAGs. but the same GAG has different functions

depending on the location of its production.

Figure 6. Binding of the lectin ConA (1:200) to the outer mantle

epithelium oi Biomphalaria glabrata. The positive reaction product can

be seen apically (small arrow); the gray appearance of the cell bodies

is caused by their natural orange color (large arrow).

Conclusions

The striking difference in the lectin binding pattern

between the distal part (Zones 1 to 3) and the proximal

part (Zones 4 and 5) of the shell-forming tissue gives new

emphasis to a strict functional separation between these

parts.

In Zones 1, 2, and 3 of the mantle edge of freshwater

snails, a phenol oxidase activity has been observed (Tim-

mermanns, 1969; Bielefeld et al.. 1993a). This enzyme

may be responsible for the sclerotization and tanning of

the periostracum (Waite, 1984) and the matrix (Gordon

and Carriker, 1980), which thus become water-insoluble.

The sugar patterns in the SM and IM of B. glabrata are

very similar, indicating that GAGs are trapped in the

network of sclerotized proteins.

In Zones 4 and 5, a strong alkaline phosphatase activity

(Timmermanns, 1969; Bielefeld et al.. 1993b) and a car-

bonic anhydrase activity were detected (Timmermanns,

1969; Boer and Witteveen, 1980); both enzymes are

thought to be closely related to the mineralization process
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Figure 5. Binding of the lectin WGA (1:200) to the mantle edge

of Biomphalaria glabrata. A positive reaction product shows in the

cells of the periostracum groove ( PG ). Zones 2 and 3 of the belt, apically

in the cells of the transitional Zone 4 and the outer mantle epithelium

(OME). The mucus cells near the inner mantle epithelium (IME) are

slightly stained, and the calcium cells (CC) of the interstitium give an

unspecific reaction.

(Wilbur, 1964; Watabe, 1984). Because calcium has also

been localized at these proximal zones in B. glabrata

(Bielefeld et al.. 1992), this site can be considered to be

the region where the calcification of the organic matrix

of the shell takes place.

The periostracum is produced by the groove and the

distal belt (Bielefeld et al.. 1993a). Furthermore, the belt

seems to be the production site for those GAGs and pro-

teins that form the structural framework of the organic

matrix. Here, the proteins will be partly linked by the

phenol oxidase, trapping acidic polysaccharides. Matrix

constituents that may be directly involved in the calcifica-

tion process of the shell seem to be produced, in addition,

by the mineralizing region of the mantle. In B. glabrata.

these constituents presumably include the very acidic

WGA-positive part of the GAGs, the less acidic ConA-

positive material, and the 19.6-kDa protein. Because com-

ponents of the SM are known to enhance crystal nucle-

ation when immobilized but inhibit crystal growth when

free in solution (e.g., Wheeler and Sikes. 1989), the func-

tion of the acidic polysaccharides may vary depending

on their place of origin. Distally produced, immobilized

GAGs may provide nucleation sites, while the proximally

produced ones could instead be involved in regulating

crystal growth.
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1998 Alarine Biological Laboratory Short Course

Optical Microscopy
and Imaging in the
Biomedical Sciences

October 7 - October 15, 1998

Application Deadline:

August 4, 1998

Admission to MBL courses is

competitive; student selection is

determined by review committees

appointed for each individual course.

Course Fee:
1998 course fee to be determined.

1997 course fee was $1,950 with room

& board provided at no

additional charge.

For application forms
and information,

contact:
Carol Hamel

Admissions Coordinator

Marine Biological Laboratory

7 MBL Street

Woods Hole, MA 02543-1015

(508) 289-7401

<admissions@mbl.edu>

WWW: http://www.mbl.edu

This course is designed primarily for

research scientists, physicians, postdoctoral
trainees, and advanced graduate students in animal,

plant, medical, and material sciences. Non-biologists seeking a comprehensive

introduction to microscopy and video imaging will benefit greatly from die

course. There are no specific prerequisites, but an understanding of the basic

principles of optics is desirable. Limited to 24 students.

Topics to be covered include:

• principles of microscope design and image formation

• bright and dark-field, phase contrast, polarized light, differential

interference contrast, interference reflection, and fluorescence microscopy

• confocal scanning microscopy, multiphoton excitation fluorescence

microscopy, digital image restoration, and 3-D reconstruction

• video imaging, recording, enhancement, and intensification

• analog and digital image processing and analysis

• fluorescent probes and ratiometric-imaging

• use of laser tweezers and scissors

Application of the optical methods to live cells will be emphasized. Other

specimens will also be covered.

Director: Colin S. Izzard, State University of New York, Albany.

Faculty: Robert Hard, SUNY, Buffalo; Brian Herman, University of Nordi

Carolina; Frederick R. Maxfield, Cornell University;John M. Murray, Univer-

sity of Pennsylvania;JohnW Sedat, University of California, San Francisco;

Kenneth R. Spring, NIH; and others to be named.

The MBL is an EEO Affirmative Action Institution.
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Reseawh Microscopes.
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nism that moves nothing but
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alleled light transmission of

the iX70 inverted.
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advanced microscope systems

can match your requirements

today and evolve for your

changing needs tomorrow.

Call us at 1-800-455-8236.
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give you all the answers you
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The numberone

objective for

every objective*
The Nikon Eclipse ESOO^is America's number one selling research microscope in its class.*

What's the secret of our success?

Our CFI60 Technology.

The CFI60 chromatic aherration-free objectives have overcome the limitations of conventional

infinity systems— with the longest working distances, highest numerical apertures, and the widest

magnification range and documentation field sizes ever. Nikon's advanced technology in glass

formulation, lens manufacture and coating processes have redefined infinity optics. With

this technology, we have achieved higher performance levels by inccirporating a 60mm
objective parfocal distance, a 25mm objective thread size and a standard 25mm field of view

Enjoy the widest range in objectives for the most diverse observation requirements.

With over 80 Nikon CFI60 objectives, including our exclusive 0.5X and the high UV
transmission universal Plan Huor series, you'll find we have the lens for you. Also available

are several objectives for techniques such as confocal, microinjection and detection of

GFP expression that can be utilized for phase contrast, DIG, fluorescence and brightfield.

Call 1-800-52-NIKON, ext 331 today for a demonstration of our CFI60 objectives, and

you'll soon find the best objective to meet your objective.

www.nikonusa.com

Nikon.
*Based on the Opto-PrecLsion Ire^truments Association's (OPIA)
Fourth Qtr. 1997, U.S.A. Microscope Survey

Redefining Infinity
© 1998 Nikon Inc.



Universal
Genius.

Introducing The Universal Genius:

Axioplan 2. A digital focus on the

future. Carl Zeiss makes history once

again with an extraordinary PC inter-

face and a wealth of new features.

"Harmonic Drive" automatic depth of

field adjustment. "Light Manager"
optimized illumination. "Five-color"

fluorescence. True remote controlled

telemicroscopy. And, of course,

unsurpassed Zeiss ICS optics.

See The Benefits For Yourself.

Axioplan 2 educated microscopes

lead you quicl<ly to greater research

success. You'll wish that microscopy had
always been so consistent, so brilliant,

so enjoyable. For full details call ^
800-233-2343. Fax 914-681-7446. M

WeVeTurned
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Confocal Microscopy
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Cover

Top: A specimen of a sea cucumber, Stichopus

japonicus. The animal's body wall comprises a

thin epidermis covering a thick, collagenous, con-

nective tissue dermis. The mechanical properties

of the dermis— reflecting the viscosity of its extra-

cellular materials— are variable and under neural

control. Neuropeptides play an important role in

this regulation, and now peptides that change the

stiffness of the dermis have been isolated from S.

japonicus and chemically characterized (see Biren-

heide et ai, this issue).

Bottom: The spectacular changes in mechanical

properties characteristic of the holothurian dermis

are illustrated in two photographs, taken at an in-

terval of one minute. At left is the sea cucumber
Stichopus chloronotus in its stiff state; mechanical

stimulation is being applied by rubbing between

the hands. At right, the same animal is seen a

minute later in its relaxed state; with continued

rubbing, the dermis has softened so much that the

sea cucumber appears to have "melted." The
hands applying the stimulation are those of Profes-

sor Tatsuo Motokawa, who has been studying the

variable connective tissue of echinoderms for

nearly 20 years.
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INSTRUCTIONS TO AUTHORS
The Biological Bulletin accepts outstanding original re-

search reports of general interest to biologists throughout the

world. Papers are usually of intermediate length (10-40 manu-

script pages). A limited number of solicited review papers may

be accepted after formal review. A paper will usually appear

within four months after its acceptance.

Very short, especially topical papers (less than 9 manu-

script pages including tables, figures, and bibliography) will be

published in a separate section entitled "Research Notes." A
Research Note in The Biological Bulletin follows the format of

similar notes in Nature. It should open with a summary para-

graph of 150 to 200 words comprising the introduction and the

conclusions. The rest of the text should continue on without

subheadings, and there should be no more than 30 references.

References should be referred to in the text by number, and

li.sted in the Literature Cited section in the order that they appear

in the text. Unlike references in Nature, references in the Re-

search Notes section should conform in punctuation and ar-

rangement to the style of recent issues of The Biological Bulle-

tin. Materials and Methods should be incorporated into appro-

priate figure legends. See the article by Lohmann el al. (October

1990, Vol. 179: 214-218) for sample style. A Research Note

will usually appear within two months after its acceptance.

The Editorial Board requests that regular manuscripts con-

form to the requirements set below; those manuscripts that

do not conform will be returned to authors for correction before

review.

1. Manuscripts. Manuscripts, including figures, should be

submitted in oiplicate. (Xerox copies of photographs are not ac-

ceptable for review purposes.) The submission letter accompa-

nying the manuscript should include a telephone number, a FAX
number, and (if possible) an E-mail address for the corresponding

author. The original manuscript must be typed in no smaller than

12 pitch or 10 point, using double spacing (including figure leg-

ends, footnotes, bibliography, etc.) on one side of 16- or 20-lb.

bond paper, 8 by 1 1 inches. Please, no right justification. Manu-

scripts should be proofread carefiilly and errors corrected legibly

in black ink. Pages should be numbered consecutively. Margins

on all sides should be at least I inch (2.5 cm). Manuscripts should

conform to the Council of Biology Editors Style Manual. 5th Edi-

tion (Council of Biology Editors, 1983) and to American spelling.

Unusual abbreviations should be kept lo a minimum and should

be speUed out on first reference as well as defined in a footnote

on the title page. Manuscripts should be divided into the following

components: Title page. Abstract (of no more than 200 words),

Introducfion, Materials and Methods, Results, Discussion, Ac-

knowledgments, Literature Cited, Tables, and Figure Legends. In

addition, authors should supply a list of words and phrases under

which the article should be indexed.



2. Tille page. The title page consists of a condensed title

or running head of no more than 35 letters and spaces, the

manuscript title, authors' names and appropriate addresses, and

footnotes listing present addresses, acknowledgments or contri-

bution numbers, and explanation of unusual abbreviations.

3. Figures. The dimensions of the printed page, 7 by 9

inches, should be kept in mind in preparing figures for publica-

tion. We recommend that figures be about 1 times the linear

dimensions of the final printing desired, and that the ratio of

the largest to the smallest letter or number and of the thickest to

the thinnest line not exceed 1:1.5. Explanatory matter generally

should be included in legends, although axes should always be

identified on the illustration itself. Figures should be prepared

for reproduction as either line cuts or halftones. Figures to be

reproduced as line cuts should be unmounted glossy photo-

graphic reproductions or drawn in black ink on white paper,

good-quality tracing cloth or plastic, or blue-lined coordinate

paper. Those to be reproduced as halftones should be mounted

on board, with both designating numbers or letters and scale

bars affixed directly to the figures. All figures .should be num-

bered in consecutive order, with no distinction between text and

plate figures and cited, in order, in the text. The author's name

and an arrow indicating orientation should appear on the reverse

side of all figures.

Color: The Biological Bulletin will publish color figures

and plates, but must bill authors for the actual additional cost

of printing in color. The process is expensive, so authors with

more than one color image should—consistent with editorial

concerns, especially citation of figures in order—combine them

into a single plate to reduce the expense. On request, when

supplied with a copy of a color illustration, the editorial staff

will provide a pre-publication estimate of the printing cost.

4. Tables, footnotes, figure legends, etc. Authors should

follow the style in a recent issue of The Biological Bulletin in

preparing table headings, figure legends, and the like. Because

of the high cost of setting tabular material in type, authors are

asked to limit such material as much as possible. Tables, with

their headings and footnotes, should be typed on separate sheets,

numbered with consecutive Roman numerals, and placed after

the Literature Cited. Figure legends should contain enough in-

formation to make the figure intelligible separate from the text.

Legends should be typed double spaced, with consecutive Ara-

bic numbers, on a separate sheet at the end of the paper. Foot-

notes should be limited to authors' current addresses, acknowl-
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Evolutionary Implications of FGF and Distal-Less

Expressions During Proximal-Distal Axis Formation

in the Ampulla of a Direct-Developing Ascidian,

Molgula pacifica

WILLIAM R. BATES

Bamfield Marine Station. Bamfield. British Columbia, Canada VOR IBO. and the Department of

Biology, University of Victoria, Victoria, British Columbia, Canada V8W 2Y2

The present results provide the first evidence of a fi-

broblast growth factor (FGF) family protein in a uro-

chordate. Anti-FGF2 inununoreactive hemoblast cells

were detected at day 3 ofjuvenile development in a direct-

developing urochordate ascidian, Molgula pacifica. The

detection of FGF in hemoblast cells coincided with the

appearance of distal-less protein along the proximal-dis-

tal axis of growing ampullae. Ampullae are limb-like,

jiuid-filled ectodermal appendages that contain hemoblast

cells and have holdfast, respiratory, and immunological

functions (1). Given the evolutionary conser\'ation of the

genes encoding FGF (2). their receptors (2), and distal-

less (3), the present results suggest that the formation

of non-homologous ascidian appendages shares genetic

elements in conunon with pro.ximal-distal axis formation

in arthropod limbs and vertebrate limbs (4,5). The possi-

ble evolutionary implications of these findings are dis-

cussed.

Members of the fibroblast growth factor (FGF) family

of proteins have multiple functions in organizing the pat-

terns of diverse kinds of tissues." One member of this

family, FGF2. has been implicated in mesoderm induction

in amphibians (6) and in the initiation of limb develop-

ment in chick embryos (7) and in mouse embryos (8,9).

FGF2 does not function alone, but acts with other regula-

tory molecules including Wg/Wnt (7). In Drosphilia. it

was recently reported that Wg can induce distal-less, a

highly conserved homeoprotein, during the proximal-dis-

tal outgrowth of a fly's leg (4). Distal-less is a highly

conserved gene that functions in the development of di-

Received 1 October 1997; accepted 2 March 1998.

E-mail: bbates@bms.bc.ca

verse kinds of appendages from onychophoran lobopods

to mammalian limbs, and this gene is thought to have

evolved in the pre-Cambrian ancestor of protostomes and

deuterostomes (3).

In the present study, juveniles of the invertebrate ascid-

ian chordate Molgula pacifica (belonging to the subphy-

lum Urochordata), in which five ectodermal ampullar ap-

pendages grow out from the body wall of an early juve-

nile, were examined for two proteins that are known to

be involved in the outgrowth of arthropod and vertebrate

limbs. Histological sections of M. pacifica }\i\em\es. were

stained with FGF2 antibody at days 2. 3, 4, and 5 of

development. Anti-FGF2 staining was first observed at

day 3 of development, exclusively in newly formed hemo-

blast cells, and the detection of these cells coincided with

the appearance of distal-less proteins expressed along the

proximal-distal axis of growing ampullae (Fig. lA, B;

Table I).

Prior to hemoblast cell formation, anti-FGF2 stained

cells were not detected (50 serially sectioned juveniles

were examined), and anti-EGF immunoreactive cells were

not observed at day 2 or day 5 of development (30 serially

sectioned juveniles were examined). Anti-FGF2 staining

intensified in a subpopulation of hemoblast cells at days

4 and 5 of development (Fig. IC). At day 5, the average

number of hemoblast cells stained with FGF2 antibody

was three to four cells per juvenile (a total of 132 juveniles

were serially sectioned and stained with FGF2 antibody).

This is the first report in which an endogenous growth

factor belonging to the FGF superfamily has been de-

tected in a urochordate. Furthermore, the present results

demonstrate that anti-FGF2 staining is restricted to hemo-

blast cells. In an indirect-developing ascidian, hemoblast

241
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Figure 1. Imiiiunocytochemical detection of FGF and distal-less

proteins during die proximal-distal outgrowth of Moliiula pacifica am-

pullae. M. pacifica adults were collected by scuba in the Barkley Sound

region located along the west coast of Vancouver Island, British Colum-

bia. Canada, near Bamfield Marine Station. Banifield, British Columbia.

Sperm and oocytes were obtained by the dissection of gonads. Oocytes

were washed with large volumes of seawater and allowed to undergo

germinal vesicle breakdown in .seawater prior to their insemination with

non-self sperm. Fertilized eggs were washed with large volumes of

seawater and cultured at 11°C in glass Syracuse dishes on sea tables

containing fresh, flowing seawater. M. pacifica juveniles at days 2. 3,

4. and 5 of development were fixed for 20 minutes in absolute methanol

at -20°C followed by a 20-minute immersion in absolute ethanol at

-20°C and then embedded in polyester wax for sectioning. Embedded

specimens were cut into 8-/jm-thick sections and floated on distilled

water droplets placed on gelatin-coated shards of glass. After the sec-

tions dried overnight at room temperature, they were de-waxed and

equilibrated with phosphate buffered saline (PSB) by immersing the

shards with adhered sections through a graded series of ethanol followed

by three washes with PBS. Prior to immersion into antibody solutions,

sections were immersed in a blocking solution ( 1 % BSA (Sigma Chemi-

cal Company) in PBS) for 30 min at room temperature. Shards with

adhered sections were transferred to a moist chamber for antibody incu-

bations. Anti-bovine FGF2 antibody was purchased from Sigma Chemi-

cal Company and diluted 1:60 with PBS containing O..^* BSA. Sections

stained with pnmary antibody for 1 h at room temperature in a moist

chamber were immersed in FITC-labeled anti-rabbit secondary antibody

diluted 1 :60 with PBS. Bovine FGF2 was purchased from Sigma Chemi-

cal Company to preabsorb anti-FGF2 prior to immunochemistry for a

control experiment. Sections probed with anti-FGF2 that was preab-

sorbed with FGF2 showed no fluorescence. Epidermal growth factor

antibody was purchased from Sigma Chemical Company and diluted

1:60 with PBS containing 0.5% BSA. EGF incubation times and detec-

tion methods were the same as those used for the detection of FGF2.

The distal-less antibody, kindly provided by Dr, Grace Panganiban. was

used as previously described by Panganiban et al. (3), except that the

specimens were fixed in methanol and ethanol. sectioned, and the pri-

mary antibody was detected using FlTC-secondary antibody. Fluores-

Table I

Hcmol'last cell-spccijii iinmnnoreacttvitx iisiiifi anti-FGF2 in Molgula

pacifica //n£'/»7t'.v

Cell type* and stainingt

Stage

Antibody (Day) me hb

FGF2

EGF

-F-t-

-H--I-

* Me. mantle epidermis; tu, tunic; ae. ampullar epidermis; hb, hemo-

hlast cells; ccm, central cell mass.

t -, unstained; 4-. weak staining; +-y. intermediate staining; 4--H-,

intense staining.

cells were shown to be derived froin larval trunk lateral

cells (TLCs). decendents of the A7.6 lineage of a 110-

celled embryo (10). Cell lineage studies, now in progress,

will examine whether the anti-FGF2 immunoreactive he-

moblast cells are derived from the A7.6 lineage or from

another cell lineage of M. pacipca embryos.

The results of a previous experiment suggest that FGF

may play a role earlier in ascidian development (11).

When notochord progenitor cells were isolated from em-

bryos and then immersed in FGF2. some of the descen-

dants of these cells expressed a notochord-specific pro-

tein, termed "Not-I." Although these results suggest that

FGF2 receptors may be present in notochord cells of indi-

rect-developing embryos, it was not reported whether en-

dogenous FGF2 actually exists in the embryo at the time

of notochord induction. In M. pacifica. detailed light and

electron microscopy studies failed to detect the presence

of a notochord placode (12.13), The absence of this struc-

ture suggests that notochord cell fates were eliminated in

this species, an event that may have been caused by a

modification of an FGF-mediated inductive interaction, if

it is assumed that the ancestor of M. pacifica was an

indirect-developer.

Several intriguing evolutionary questions are raised

by the present results. What are these conserved regula-

tory proteins for limb development doing in presumably

non-homologous, limb-like ampullae? One possibility

is that urochordate FGF and distal-less proteins, along

with other limb-patterning regulatory proteins, repre-

cence was not detected when sections were incubated in secondary

antibody without prior treatment with the primary antibody.

(A) Sections through a day 3 juvenile showing anti-FGF2 immunore-

active hemoblast cells (see arrows) situated within the hemocoel and

(B) a day 3 ampulla (see arrow) stained with distal-less antibody. (C)

Section through a day 5 juvenile showing intense anti-FGF2 stained

hemoblast cells (.see arrows). Scale bars in each frame equal 50 ^m.
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sent some of the ancestral vertebrate genetic elements

that are utilized in a modified manner during the devel-

opment of a complex vertebrate limb. As previously

described in detail ( 1 ). hemoblast cells are pumped into

the lumen of growing ampullae by rhythmic contraction

waves generated by the ampullar walls, and hemoblast

cells are often observed in the tip region of ampullae.

These contractions may bring FGF into close proximity

with target FGF receptors that may be present on am-

pulla ectoderm cells. FGF may function as a mitogen

along with distal-less and other regulatory proteins to

promote ampullar outgrowth and patterning. A direct

comparison can be made with limb development in sala-

manders. Mullen et al. (14) showed that the apical ecto-

dermal cap cells of a salamander limb transcribe large

amounts of Dlx3, a homolog of distal-less, and that

Dlx3 expression is regulated by FGF2.

A second possibility is that evolutionary co-option

for ampulla expression may have occurred in that FGF
and distal-less proteins were appropriated for functions

other than limb formation during their evolution. The

resolution of these questions may be possible when uro-

chordate FGF and distal-less genes are characterized

and their signaling pathways, which likely involve other

limb-patterning genes, are better understood. In conclu-

sion, the expression of two conserved limb-patterning

proteins, FGF and distal-less, during the outgrowth of

ascidian ampullae represents an exciting experimental

system for investigating the evolutionary development

of animal appendages.
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Abstract. Two types of luciferase that catalyze the

luminescent oxidation of coelenterazine were isolated

from the marginal exumbrella epithelium (lappet) and the

ovary of Periphylla periphylla; they were designated lu-

ciferase-L and luciferase-0, respectively. Luciferase-L

(Mr 32.000), probably derived from highly specialized

photocytes, was very resistant to heat, and its activity was

little affected by boiling; but it was unstable in solutions

of low ionic strength if bovine serum albumin was not

included in the solvent. Luciferase-O (M, 75,000) oc-

curred in the eggs in association with particulate matter,

and was solubilized and extracted with a buffer containing

2 M guanidine hydrochloride; the enzyme was highly

stable in this strongly denaturing solvent. The intensities

of the coelenterazine luminescence catalyzed by both lu-

ciferases were maximal at pH 7.8 and in the presence of

about 1 M NaCl. The quantum yield of coelenterazine

was estimated to be 0.14 with luciferase-L (emission max.

at 465 nm) and 0.12 with luciferase-0 (emission max. at

470 nm). The luminescence caused by both luciferases

was strongly inhibited by Cu"^ and thiol compounds.

Introduction

All three classes of the phylum Cnidaria contain biolu-

minescent species. In the class Hydrozoa, all reported

cases of luminescence are caused by Ca-^-sensitive pho-

toproteins such as aequorin, found in the jellyfish Ae-

quorea aequorea (Shimomura et ai, 1962), and obelin,

obtained from the hydroid Obelia sp. (Morin and Has-

tings, 1971a, b; Campbell, 1974; Visotskii et ai, 1989).
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In the class Anthozoa, light emission is produced by lucif-

erin-luciferase type reactions, such as those of the sea

pansy Renilla sp. (Cormier, 1978), the sea cactus Cav-

ernularia obesa. and the sea pen Ptilosarcus gruneyi (Shi-

momura and Johnson, 1979). The bioluminescence of the

class Scyphozoa has never been biochemically studied.

In the phylum Ctenophora, many species are biolumines-

cent, and two of them

—

Mnemiopsis sp. and Beroe

ovata—contain Ca'^-sensitive photoproteins, mnemiop-

sin and berovin, respectively (Ward and Seliger, 1974a,

b). These proteins are photosensitive and inactivated by

exposure to visible light; thus they are distinctly different

from the hydrozoan photoproteins.

The luminophore of the photoprotein-based biolumi-

nescence systems of hydrozoans and ctenophores is coel-

enterazine (Anctil and Shimomura. 1984; Shimomura,

1985). Moreover, this same compound serves as the lucif-

erin (substrate) in the coelenterazine-luciferase system of

the luminescent anthozoans (Shimomura and Johnson,

1975; Cormier, 1978). Although the coelenterazine-lucif-

erase system also occurs in many kinds of luminous or-

ganisms, including fishes, shrimps, copepods. squids, and

coelenterates (Shimomura et ai, 1980: McCapra and

Hart, 1980; Campbell and Herring, 1990), coelenterazine

luciferase has been isolated and investigated in detail from

only two of them; i.e., the sea pansy Renilla (Matthews

et ai, 1977) and the decapod shrimp Oplophorus (Shimo-

mura et ai, 1978).

In a recent study, the luminescence of the scyphozoan

jellyfish Periphylla periphylla was found to be associated

with two distinct sources: one represented by minute,

iiregularly shaped cytoplasmic granules in the cortical

layer of maturing ovarian eggs; the other represented by

clusters of even smaller, mostly spherical grains within

the cytoplasm of highly specialized photocytes that are

244
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less than 1 mm apart and distributed throughout the exum-

brellar epithehum of the medusae (Herring. 1990; Flood

et al.. 1996). These photocytes are most concentrated

along the margin of the umbrella, which is divided into

16 even-sized lappets by deep groves that lead to the bases

of 12 tentacles and 4 sensory organs (Russell. 1970).

We have isolated two luciferases that catalyze the lumi-

nescent oxidation of coelenterazine. In correspondence

with the findings discussed above, one is from the ovary

(luciferase-O) and the other from the lappet (luciferase-

L). Although these luciferases are not yet completely

pure, they have some extraordinary properties. In the pres-

ent paper, we report the purification method and some of

the properties of these unusual luciferases.

Materials and Methods

Specimens of Peripliylla periphylla were collected in-

dividually, at night, from surface waters of the Luretjor-

den north of Bergen, Norway, and placed into 10-liter

buckets. The collections were made during December

1995 and March 1996 on board the research vessel Hakon

Mosby (see Fossa. 1992; Flood el al. 1996; Herring et

al.. 1996). Lappets and ovarian tissue were cut from the

medusae with minimal mechanical disturbance and rap-

idly frozen at -20°C. After the cruise, the tissues were

transferred to a -70°C freezer and were stored at that

temperature until used. All experiments were performed

at room temperature, except as noted. Bovine serum albu-

min (BSA) was purchased from Calbiochem (La Jolla.

CA); KCl and NaCl were from Fisher Scientific (Pitts-

burgh. PA); guanidine hydrochloride. Tris, and the protein

standards for molecular weight determination were from

Sigma (St. Louis. MO).

Measurement of luminescence and luciferase activit}'

Luminescence intensity and total light were measured

with a modified MacNichol-type integrating photometer

Model 8020 (Pelagic Electronics. Falmouth. MA) cali-

brated with the Cypridina bioluminescence reaction (Shi-

momura and Johnson. 1970). The determination of lucif-

erase activity was based on the rate of the light emission

caused by the addition to a sample of luciferase (2-50

p\) of 3 ml of 20 mM Tris-HCl buffer. pH 7.8, containing

1 M NaCl, 0.05% BSA, and 5 p\ of 0.2 mM methanolic

coelenterazine (A43o„ni. icm 1-8): exceptions are noted. A
full-scale deflection of the meter at the highest sensitivity

was defined as one light unit (L.U.) and corresponded to

6 X 10" quanta, except as noted.

Purification o/ Periphylla luciferase from lappets

Lappets ( 100 g) were thawed and homogenized with a

Bamix mixer M 122 (Clark National Products, San Di-

mas, CA) m 130 ml of 0.05% BSA in water. After its pH
was adjusted to 7.2. the homogenate was centrifuged, all

at 0°C. Most of the luciferase activity was found in the

supernatant, and this activity was purified by four steps

of chromatography, as follows. Acetate buffer (10 mM,
pH 4.8) was used as the basic buffer throughout the puri-

fication.

First step. The supernatant (220 ml), having a lumines-

cence activity of 100.000 L.U. (light units), was diluted

with 3 volumes of the acetate buffer containing 0.05%

BSA, then filtered through a column of Toyopearl SP-

650M cation exchanger (Supelco. Bellefonte, PA; 2.5 cm
X 7 cm). The luciferase, adsorbed at the top part of the

column, was eluted by a stepwise increase (0.1 M incre-

ments) of KCl concentration, from 0.1 M to 0.5 M in a

pH 4.8 acetate buffer containing 0.05% BSA. The effluent

was fractionated.

Second step. The fractions containing luciferase activ-

ity (30 ml; 75,000 L.U.) were combined, diluted with

200 ml of the acetate buffer containing 0.05% BSA, and

filtered through a column of Toyopearl SP-650M ( 1.5 cm
X 5 cm). The luciferase adsorbed was then eluted by an

increasing concentration gradient of KCl, from 0. 1 M to

0.5 M. in an acetate buffer lacking BSA. The luciferase

fractions were combined, saturated with ammonium sul-

fate, and centrifuged.

Third step. The precipitate containing luciferase

(55,000 L.U.) was dissolved in 1 ml of the acetate buffer

and divided into two parts. Each part was chromato-

graphed by gel filtration on a column of Superdex 200

prep (1 cm X 28 cm; Pharmacia); an acetate buffer con-

taining 1 M KCl was used as the solvent.

Fourth step. The combined luciferase fraction (35,000

L.U.) was saturated with ammonium sulfate, then centri-

fuged. The precipitated luciferase was re-chromato-

graphed on the same column and with the same solvent

as used in the third step; the elution curve is shown in

Figure 1.

Extraction and purification of Periphylla luciferase

from ovary

The frozen ovaries (lOg) were thawed and homoge-

nized with about 10 volumes of phosphate buffer (pH

7.0), and centrifuged at 5,000 X g for 10 min. The precipi-

tate and floating material were discarded; the cloudy su-

pernatant was saved. The supernatant contained luciferase

(500,000 L.U.) in two forms: about 20%-25% was in a

dissolved form, and the rest was in an insoluble form that

was associated with particulate matter. The supernatant

was frozen at -70°C. then thawed and centrifuged at

20,000 X g for 20 min. The precipitate that contained the

insoluble luciferase was suspended in 5 ml of 10 mM
Tris-HCl buffer, pH 7.5, containing 0.5 M NaCl, and then
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Figure 1. The last step in purification of PeriphylUi luciferase-L on a column of Superdex 200 Prep

(1 cm X 28 cm) with 10 mM acetate buffer, pH 4.8. containing 1 M KCl. Eluent fractions between

16.5 ml and 18 ml were pooled and used as the purified luciferase. Solid line: absorbance measured with

a 1-cm light-path cuvette; dotted line: luminescence activity measured at a photometer sensitivity of 3

X 10" quanta/L.U.

centrifuged at 20,000 X g for 20 min. The supernatant

was discarded. The precipitate was mixed with 5 ml of

10 mM Tris-HCl buffer, pH 7.7, containing 2 M guanidine

hydrochloride, 1 M KCl and 1% glucose, then sonicated

briefly. The mixture, containing a total activity of 350.000

L.U., was centrifuged at 20.000 x g for 20 min. The

supernatant contained solubilized luciferase (70,000

L.U.). and the precipitate contained the luciferase that

remained insoluble (about 200.000 L.U.; not used in the

present study). Thus, we estimated that the activity of the

insoluble form of luciferase had decreased to about 50%
by solubilization. One-tifth of the supernatant (1 ml;

14.000 L.U.) was purified by gel filtration on a column

of Superose 6 prep grade (Pharmacia: 1 cm x 19 cm) in

10 mM Tris buffer. pH 7.7. containing 2 M guanidine

hydrochloride. 1 M KCl and 0.5% glucose. The elution

curve is shown in Figure 2. The gel filtration was repeated

four more times to purify the rest of the supernatant.

Results and Discussion

Purification o/Periphylla luciferases

The luciferase of the lappets (luciferase-L) could easily

be extracted with neutral saline solutions. The luciferase

activity was sufficiently stable during purification in neu-

tral and acidic media (even at pH 3.0 and below) at 0°C.

but was drastically reduced by dilution with water

—

i.e..

by a decrease in the ionic strength. The activity loss was,

however, completely prevented, sometimes even re-

versed, by the addition of 0.05% BSA to the media. The

activity of luciferase-L was unstable at a pH higher than

9.0. Thus, the whole process of purification was carried

out in a pH 4.8 buffer containing (when appropriate)

1 M KCl. In addition, 0.05% BSA was added to the

buffer during the cation exchange chromatography as a

precaution against inactivation.

The luciferase extracted from the ovary consisted of

two types; one was extractable with saline solution and

was probably luciferase-L; the other was insoluble in most

buffer solutions, even in the presence of 1 M KCl, and

its activity was associated with tiny particles that were

completely retainable on a 0.2-^m filter, but not on a 2-

/jm filter. The activity of the insoluble enzyme was not

easily destroyed by the acidity of pH 1 .0. or by a tempera-

ture of 90°C. The activity could be extracted from the

particles only under very drastic conditions, such as 40%

acetonitrile containing 0.2% trifluoroacetic acid; 2% Tri-

ton X- 100 in 10 mM Tris-HCl containing 1 M KCl; and

2 M guanidine hydrochloride in Tris-HCl buffer con-

taining 1 M KCl; but the extraction was partial in all three

methods. The last cited solvent was found to be most

efficient, solubilizing about 50% of the luciferase activity

in one step of extraction; thus, it was used in the present

study in the extraction and chromatography of ovarian

luciferase (luciferase-0). The relationship between the

amount of activity extracted and that retained in the par-

ticulate matter indicated that the solubilization causes a

decrease of luciferase activity to about half.

The luciferase-L obtained appears to be highly pure on

the basis of the chromatogram shown in Figure 1, al-
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Figure 2. Purification of Periphylla luciferase-O by gel filtration on a column of Superose 6 Prep grade

(1 cm X 19 cm) using 10 mM Tris-HCl buffer, pH 7.7, containing 1 M KCI, 2 M guanidine hydrochloride,

and 0.5% glucose. Solid line: absorbance measured with a 0.5-cm light-path cuvette: dotted line: lummes-

cence acfivity measured at a photometer sensitivity of 1.1 < 10" quanta/L.U.

though it possibly contained some inactivated luciferase

(also see the discussion below in connection with the

measurement of quantum yield). The purity of the lucifer-

ase-O obtained must be lower than that of the luciferase-

L, because the purification method involved only one step

of chromatography. The molecular weights of luciferase-

L and luciferase-O, as estimated by gel filtration, were

about 32,000 and 75,000, respectively (Fig. 3).

Enzymatic properties of the luciferase

The relationship between the intensity of emitted light

and the pH of the buffer used (Fig. 4) indicates that
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Figure 3. Determination of the molecular weights of luciferase-L (P. Tase-L; solid line) and luciferase-

O iP. I'ase-O; dotted line) by gel filtration. Luciferase-L was measured on a Superde.x 200 Prep column

( 1 cm X 28 cm) in 10 mM acetate buffer, pH 4.8, containing 1 M KCI. and luciferase-O on a Superose 6 Prep

grade column ( 1 cm x 21 cm)in 10 mM Tris-HCl buffer, pH 7.7, containing 2 A/ guanidine hydrochlonde. 1

M KCI. and 0.5% glucose. Protein standards used are indicated at appropriate points on the solid and dotted

lines.
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Figure 4. Influence of pH on the intensity of coelenterazine lumi-

nescence catalyzed by luciferase-L (O) and luciferase-O (A), in 20 niM

Tris-HCl buffer containing 1 M NaCl (solid lines) and 20 mM phosphate

buffer containing 1 M NaCl (dotted lines); in addition, all solutions used

for luciferase-L contained 0.05% BSA.

luminescence intensity is maximal at pH 7.8 for both

luciferase-L and luciferase-O. With regard to the effect

of salt concentration, the experimental results (Fig. 5)

show that luciferase-L has an optimum at about 1 M
NaCl. whereas the activity of luciferase-O reaches a pla-

teau at about 1 M NaCl and stays constant at least up

to 3 M NaCl. The effect of KCl was essentially the same

as that of NaCl. The effect of guanidine hydrochloride

was similar when luciferase-O was tested; the optimum

concentration was at about 0.6 M. indicating that lucifer-

ase-O is resistant to this denaturant. In contrast, an in-

crease of guanidine hydrochloride simply decreased the

luminescence intensity of luciferase-L, showing no opti-

mum concentration.

The effect of temperature on luciferase-L is highly un-

usual and intriguing (Fig. 6). The activity of luciferases

in catalyzing light emission, i.e. luminescence intensity,

progressively decreased when the temperature was raised

beyond the optimum (about 0°C for luciferase-L; 20°C

for luciferase-O), which would be quite normal. In the

case of luciferase-L, subsequent cooling of the sample

to room temperature (about 25°C) caused an increase of

luminescence intensity to the level seen before the tem-

perature was raised. Thus, the inactivation was rapidly

reversed upon cooling, so the activity of the luciferase-

L was not lost or affected by exposure to the elevated

temperature. When a sample was heated at 100°C for 1

min under the conditions described in Figure 6, followed

by cooling to room temperature, no loss in the luciferase

activity was detected as judged by the intensity of lumi-

nescence caused by the addition of coelenterazine; when

heated for 15 min at 100°C, the activity decreased by

about 20%. Thus, luciferase-L must be a highly thermo-

stable enzyme. The solubilized form of luciferase-O did

not have this property, but the insoluble form associated

with the particulate matter in the eggs was. like luciferase-

L, highly thermostable.

Properties of the luminescence reaction of

coelenterazine catalyzed by Periphylla luciferase

The spectrum of coelenterazine luminescence catalyzed

by luciferase-L (maximum at 465 nm) and that catalyzed

by luciferase-O (maximum at 470 nm) are closely similar

(Fig. 7). The slight difference found in the emission max-

ima might indicate that the environment of the coelen-

terazine binding site is more hydrophobic in luciferase-

L molecules than in luciferase-O molecules; this conclu-

sion is based on various data on the emission maximum

of aequorin luminescence (Shimomura, 1995a). The slight

shoulders seen in the luminescence spectrum measured

with purified luciferase-O (550 nm and 620 nm) became

much higher and turned into peaks when a less purified

preparation was examined (Fig. 7). Probably the peaks

were caused by the presence in the sample of unidentified

H\J -
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Figure 6. Effect of temperature on the luminescence intensity (solid

lines) and the stability of luciferases at various temperatures (dotted

lines) in the luminescence of coelenterazine catalyzed by luciferase-

L (O) and luciferase-O (A). The luminescence with luciferase-L was

measured in 20 mA/ phosphate buffer, pH 7.8, containing 1 M NaCl

and 0.05% BSA. and the luminescence with luciferase-O was in 10 mM
phosphate buffer, pH 7.8, containing 1 M NaCl. In the measurement of

the stability data, the luciferase in the buffer in a test tube was exposed

to the indicated temperature for 1 min, then the test tube was equilibrated

in a water bath at room temperature for 2-5 min before luminescence

was initiated by the addition of coelenterazine.
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Figure 7. Luminescence spectra of coelenterazine catalyzed by pu-

rified Periphylla luciferase-L (solid line), purified luciferase-O (broken

line), and a crude preparation of luciferase-O (dotted line) in 20 mM
Tris-HCl buffer, pH 7.8, containing 1 M NaCl and 0.05% BSA.

The luminescence intensity of coelenterazine catalyzed

by luciferase was affecteii by the concentration of coelen-

terazine up to 3 /xA/, as shown in Figure 8. From the data

in the figure, the Michaelis constant of this enzyme is

fluorescent substances with corresponding emission max-

ima. A previously reported observation that the clusters

of the grains in the exumbrellar photocytes. but not the

grains in the cortex layer of eggs, show a pinkish fluores-

cence that rapidly fades under UV light (Flood et al..

1996) is apparently not in accord with the present results.

One explanation for the discrepancy is that a pink fluo-

rescent substance is more abundant in the lappet pho-

tocytes than in the ovarian photocytes, but that the fluo-

rescent substance in lappets easily dissociates from lucif-

erase-L molecules during the extraction process, whereas

that in eggs does not dissociate from luciferase-O. In

our actual experimental procedure, the lappet fluorescent

substance might have dissociated from luciferase-L, even

when the frozen lappets were thawed and the cells were

broken. In any event, the bioluminescence spectrum of

Periphylla is probably not affected significantly by these

fluorescent substances, because the bioluminescence

spectrum of live Periphylla was previously reported to

be a single peak with a maximum at 470-475 nm (Her-

ring, 1983; Widder et al., 1983).

12 3

Concentration of coelenterazine (^jM)

Figure 8. Effect of coelenterazine concentration on the intensity of

luminescence when the reaction was catalyzed by Periphylla luciferase-

L. The concentration of coelenterazine represents the final concentration.
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estimated to be about 1.1 fuM. The maximum specific

activity (the specific activity measured in the presence of

a saturating concentration, about 5 /uM, of coelenterazine)

of the purest luciferase-L preparation was 8.0 X 10"

quanta/mg-s, assuming an Aigonm, um value of 1.0 for

1 mg/ml solution of this enzyme. For luciferase-0, the

Michaelis constant and the maximum specific activity of

luciferase-O were estimated to be 0.2 fiM and 5.5 X 10'-

quanta/mg-s, respectively (data not shown). The activity

of luciferase-O is highly variable, dependent on the envi-

ronment and the composition of buffer solution; the activ-

ity is almost certainly much greater in the insoluble form

that originally existed in association with particulate mat-

ter. In any case, the values given above for specific activ-

ity must be considered as minimal values, because the

luciferase preparations used were not completely pure.

For comparison, the specific activities of Renilla lucifer-

ase (A/, 35,000: Matthews el ai. 1977) and Oplophonis

luciferase (Mr 130,000; Shimomura et ai. 1978) under

comparable conditions were 1.9 X 10'^ quanta/mg-s and

1.34 X 10'"* quanta/mg-s, respectively (Inouye and Shi-

momura, 1997).

A problem arose in the determination of the quantum

yield of coelenterazine in the presence of luciferase-L.

The purified luciferase-L apparently contained a trace im-

purity that inactivated coelenterazine by binding it tightly

or by oxidizing it without light emission. This impurity

eluted from the Superdex 200 column in the final step of

purification (Fig. 1 ) immediately after the peak of lucifer-

ase; thus it could not be completely eliminated from the

purified luciferase. The effect of this coelenterazine-inac-

tivating impurity was reduced greatly, but not completely,

by heating luciferase-L in the assay buffer at 100°C for

10 min. The complete elimination of the effect of this

impurity was achieved only by pretreating the luciferase-

L with coelenterazine. Thus, the quantum yield of coelen-

terazine was measured by repeated additions of a small

amount of coelenterazine (5 /ul of 0.2 xnM methanolic

solution) to a solution of luciferase-L; each new addition

of coelenterazine was made only after the light emission

from the previous addition had been completed. In this

way, the total light emitted in each addition of coelen-

terazine successively increased, reaching a constant, max-

imum value after five or six additions. The quantum yield

of coelenterazine calculated for the last addition was 0.14;

this value was taken as the quantum yield of coelen-

terazine catalyzed by luciferase-L. Luciferase-O con-

tained no significant inhibitor, and the quantum yield of

coelenterazine catalyzed by luciferase-O was 0.12. For

reference, the quantum yield of coelenterazine in the pres-

ence of Renilla luciferase was 0.069 (Hart et ai. 1979)

and 0.11 (Inouye and Shimomura, 1997); the quantum

yield in the presence of Oplophonis luciferase was 0.34

at 22°C (Shimomura et a!.. 1978).

Inhihitors of the luminescence reaction

Periphylla luciferase was strongly inhibited in different

fashions by two types of compounds, cupric salts and

thiol compounds. The inhibition of coelenterazine lumi-

nescence by Cu'* was instantaneous and very strong. The

luminescence catalyzed by luciferase-L was inhibited by

25% with 10 ijM Cu"* and 85% with 30 ^iM Cu"^; when

catalyzed by luciferase-O, the inhibition was 70% with 1

fjM Cu'* and 97% with 10 fiM Cu'" . Various enzymes

are inhibited by heavy metals, but Periphylla luciferase

was inhibited by Cu"* almost specifically; i.e.. much more

strongly than by other metals (such as Ba"*, Cd""^, Zn'*,

and Pb"*). The significance of this finding is unknown.

The inhibition by thiols is not instantaneous. The loss

in the activity of luciferase-L in the presence of 0.3 mM
2-niercaptoethanol was 60% after incubation for 20 h at

0°C; in the presence of 1 mM, the loss was 95%. With

luciferase-O, under the same conditions (after 20 h at

0°C), the activity loss was 27% in the presence of 1 mM
2-mercaptoethanol and 927f in the presence of 10 mM.

The inhibition was probably caused by the reduction of

a functional S-S bond to thiol groups in the luciferase

molecules. Cypridina luciferase is similarly inhibited by

2-mercaptoethanol (unpubl. data).

Significance of the existence of two different luciferases

To find two or more isoenzymes in a single species of

organisms is not unusual. In the case of the hydrozoan

jellyfish Aequorea aequorea. eight slightly different

forms of the photoprotein aequorin have been isolated

(Shimomura, 1986). although a photoprotein is not an

enzyme in a strict sense. In the case of Periphylla lucifer-

ase, however, the designation of isoenzymes does not fit

well for luciferase-L (M, 32,000) and luciferase-O (M,

75,000), because of the large difference in their molecular

sizes. Based on their molecular weights, it is possible that

luciferase-O is a derivative of luciferase-L; luciferase-O

might be a dimer of luciferase-L or a conjugate of lucifer-

ase-L and an unrelated protein molecule.

As judged by their light emission, luciferase-L in live

specimens of P. periphylla exists in photocytes scattered

in the exumbrellar epithelium of the dome and lappet,

whereas luciferase-O occurs in the cortical layer of eggs

(Flood et ai. 1996). The bioluminescence response of the

exumbrellar photocytes may have some practical func-

tions— serving as a physiologically controlled defense

mechanism, for example (Herring et ai, 1996); but the

possible light emission from the eggs inside the ovaries

of the adult medusae is difficult to rationalize. Although

these ovaries and eggs are easily visible from below the

medusa, light emission has never been observed in re-

spon.se to mechanical and electrical stimuli that readily

elicit bioluminescence from the exumbrellar epithelium.
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Only strong mechanical stimuli (rough rubbing) or strong

osmotic shock (immersion in tap water), which is likely

to disrupt the cell membrane, have proven effective in

causing the eggs to luminesce (Flood, unpubl. data). The

bioluminescence of eggs of certain hydromedusae, such

as Phialidinm gregahiim and Mitrocoma cellularia. has

been reported to rely on photoprotein systems (Freeman

and Ridgway, 1987).

In the ovary of Pehphylla. luciferase-O exists in an

insoluble form bound to particulate matter; the enzyme

is unusually stable and highly resistant to inactivation

under various conditions. Indeed it is far more stable than

luciferase-L, luciferase-O (soluble), Oplophorus lucifer-

ase, or Renilla luciferase, under all the conditions tested:

heating at 90°C; adding guanidine hydrochloride, deter-

gents, or organic solvents (methanol, ethanol, acetonitrile,

etc); and leaving at room temperature for more than 2

weeks. The high stability of the insoluble form of lucifer-

ase-O, as well as its insolubility, might have evolved

through an adaptation to the fat-rich ovarian environment,

for the purpose of preserving the luciferase until oocytes

begin to develop and stimulable bioluminescence be-

comes functional in early embryos.

Conclusions

The bioluminescence system of the scyphozoan jelly-

fish Periphylla pehphylla was shown to be a coelen-

terazine-luciferase system; it is the first fully confirmed

example in luminous jellyfishes. The Periphylla biolumi-

nescence system is remarkable in two ways: First, the

system involves two apparently different luciferases, lu-

ciferase-L and luciferase-O, that occur separately in two

different types of cells in a single animal. Second, these

luciferases are highly resistant to certain drastic processes

of inactivation: luciferase-L withstands boiling at 100°C,

and luciferase-O functions normally in denaturing envi-

ronments containing 2 M guanidine hydrochloride. This

high resistance to inactivation, however, is not indicative

of a high stability at normal experimental conditions; the

stabilities of luciferase solutions at neutral pH are similar

to those of Oplophorus luciferase and Renilla luciferase

when left for an extended period at room temperature

(Shimomura, unpubl. data).

The heat resistance of luciferase-L is far greater than

that of any luciferase previously known. Most other lucif-

erases, including those of the luminous bacteria, the ostra-

cod Cypridina. the limpet Latia, and the krill Euphausia,

are inactivated rapidly and irreversibly between 30°C and

50°C; the most heat-resistant examples known previously

are the partially purified preparations oi Oplophorus lucif-

erase, which withstand temperatures up to about 70°C

(Shimomura et al.. 1978; Shimomura, 1995b). A struc-

tural study of Periphylla luciferase molecules, to clarify

the cause of their unusual stabilities, together with studies

of other luminous scyphozoans such as Atolla and Pela-

gia. would be important and interesting next problems.
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Abstract. We present the first evidence of a system of

four bioactive peptides that affect the stiffness of sea

cucumber dermis. The body wall dermis of sea cucumbers

consists of catch connective tissue that is characterized

by quick and drastic stiffness changes under nervous con-

trol. The peptides were isolated from the body wall, their

amino acid sequences determined, and identical peptides

synthesized. Two peptides, which we named holokinins,

are homologous with bradykinin. We tested the effect of

the peptides on the mechanical properties of sea cucumber

dermis. Both of the holokinins softened the dermis, and

a pentapeptide that we designated as NGIWYamide stiff-

ened it. Both effects were reversibly suppressed by anes-

thesia with menthol. We called the fourth peptide sticho-

pin; it had no direct effect on the stiffness of the dermis

but suppressed action of the neurotransmitter acetylcho-

line reversibly. The results suggest that the peptides are

neuropeptides and are part of a sophisticated system of

neurotransmitters and neuromodulators that controls the

connective tissue stiffness of sea cucumber dermis.

Introduction

One key character of echinoderms is their unique catch

connective tissue (CCT, Motokawa, 1 984a; mutable con-

nective tissue, Wilkie. 1984). This connective tissue can

change its mechanical properties dramatically in response

to various stimuli. The response, which can be stiffening

or softening, is under nervous control.

The body wall of sea cucumbers consists of a thin
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epidermis, an extensive dermis, and inner muscles com-

posed of a sheet of ring muscles and five bands of longitu-

dinal muscles. In most species the dermis makes up by

far the biggest part of the body wall. The dermis consists

of pure CCT and can change its properties to the extent

that the animal can be very stiff to the touch at one mo-

ment and practically melt a few seconds later (Motokawa,

1988); in extreme cases, drastic softening leads to autot-

omy. A number of studies reported different stimuli that

lead to stiffness changes (Motokawa, 1981, 1982c, 1984b,

1984c, 1987; Hayashi and Motokawa, 1986). Among

them are acetylcholine (ACh) and cholinergic agonists/

antagonists. Other common vertebrate neurotransmitters

did not have any effect. The holothurian nervous system

is very poorly known, and— like all echinoderm nervous

systems— it seems to lack synapses. The site of action

of ACh is unknown, as is the mechanism of neural trans-

mission in echinoderms.

Many studies of vertebrates have shown the importance

of neuropeptides in neural transmission. In echinoderms,

only a few peptides have been isolated and classified

as neuropeptides. The sea star Asterias rubens has two

peptides: SI (Gly-Phe-Asn-Ser-Ala-Leu-Met-Phe-NH:)

and S2 (Ser-Gly-Pro-Tyr-Ser-Phe-Asn-Ser-Gly-Leu-Thr-

Phe-NH:) (Elphick et ai. 1991 ). The second of these (S2)

has a relaxing effect on the cardiac stomach of A. rubens

(Elphick et al.. 1995). The sea cucumber Holothuria

glaberrima has two peptides: SGYSVLYamide and

GFSKLYFamide (Diaz-Miranda et ai. 1992). The latter

induces relaxation of the intestinal muscles and the longi-

tudinal body wall muscles of H. glaberrima. No other

bioactive peptides are known at present, and no study has

investigated the effects of peptides on connective tissue

stiffness. However, there are pioneering studies that sug-

253
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gest the presence of low molecular weight factors control-

ling the stiffness of echinoderm connective tissues (Smith

and Greenberg. 1973; Motokawa. 1981. 1982a, 1982c.

1984b). These studies reported a stiffening factor and

a softening factor in coelomic fluids and body wall of

echinoderms but did not analyze its chemical structure.

On the other hand, Iwakoshi et al. (1995) isolated a

number of peptidic bioactive substances from the body

wall of the sea cucumber Stichopiis japoniciis and deter-

mined the structures of four peptides. They did not, how-

ever, test the influence of those peptides on the connective

tissue of sea cucumber. We recently made further attempts

to isolate bioactive peptides from the body wall of sea

cucumber and found 14 peptides, including the four ob-

tained in the previous study. A preliminary account of

the identification process is given in Ohtani et al. ( 1998).

These peptides have been tested on the connective tissue

of the sea cucumber. To date, we have found that four

of them (termed holokinin 1 and 2, NGIWYamide, and

stichopin) have considerable effects on the stiffness of

the body wall connective tissue; these effects are reported

here.

Materials and Methods

Specimens of the sea cucumber Stichopiis japoniciis

were collected in the Seto Inland Sea near Hiroshima and

in the Japan Sea near the Noto peninsula. Specimens of

Holotlmria leucospilota were collected in Okinawa. The

animals were kept in aquaria with circulating seawater at

18°C and 25°C, respectively.

Isolation and structure determination of peptides

Body walls, including longitudinal muscles, from a 5-

kg sample of S. japonicus were cut into small pieces,

frozen in liquid nitrogen, and pulverized. The pulverized

material was boiled for 10 min in 10 volumes of water,

then homogenized with a Waring blender and a Polytron.

The homogenate was centrifuged (13,000 X g, 40 min,

4°C). The supernatant was concentrated to 200 ml with

an evaporator. To the concentrated supernatant, 20 ml of

1 N HCl was added and the precipitate was centrifuged

off. Next, the supernatant was forced through a series of

five C18 cartridges (Varian Mega Bond-Elut). The re-

tained material was eluted with 10% and then with 60%
methanol. The 60% methanol eluate was subjected to

HPLC purification. The four peptides used in the present

experiments were purified through five or six HPLC steps

with two kinds of C18 reversed-phase columns (Asahika-

sei ODP-50 and Tosoh ODS-80TM) and a cation-ex-

change column (Tosoh SP-5PW). After each purification

step, the bioactivity of the obtained fractions was assayed

on longitudinal muscle and intestine of S. japonicus. De-

tails concerning the purification of the four active peptides

found in this study are given in the Results.

Bioassay

A longitudinal muscle (10-mm length) was dissected

out, tied with cotton thread at each end, and mounted in

a chamber (2.5 ml) filled with artificial seawater (ASW).

The ASW used in the bioassay was of the following

composition: 445 mM NaCl, 10 mM KCl, 10 mM CaCl,,

55mMNaCl2, and 10 mM Tris-HCl (pH 7.6). Twitch

contraction of the muscle was elicited by stimulating it

with an electrical pulse (20 V. 3 ms) at 10-min intervals.

The stimulation was delivered in air after removing the

ASW in the chamber. After each recording of twitch con-

traction, the chamber was again filled with ASW. Peptide

samples were dissolved in ASW and applied to the muscle

8 min before stimulation. The intestine (75-mm length)

was mounted in another chamber. Peptide samples were

dissolved in 0. 1 ml ASW and applied to the intestine by

injection into the aerated ASW.

Mechanical tests

For oscillatory strain tests, tissue samples (1 mm X
1 mm X 5 mm) were cut from the interambulacral white

dermis with a razor blade. The long axis of the sample

corresponded to the long axis of the animal. The samples

were glued to a holder in a trough filled with ASW or

experimental solutions. The samples were connected to a

force gauge (LVS-20GA. Kyowa), whose position oscil-

lated between and 800 ^m at a rate of 0.3 Hz. The

samples were thus periodically stretched and relaxed

along their long axis. The oscillator was adjusted so that

the sample was totally relaxed in one half cycle but was

never compressed. The samples developed a counterforce

that oscillated with the same period as the strain. The

counterforce was recorded with a microcomputer at a rate

of 7 or 10 Hz. Chemicals were diluted in ASW and added

to the trough.

For creep tests, samples similar to those used for oscil-

latory strain tests were glued to a holder in a trough.

Loads between 0.09 g and 5 g were applied via a lever

system to ensure constant elongation of the sample. The

elongation of the sample was measured with a laser dis-

placement sensor (3Z4M-S01, Omron) and recorded with

a microcomputer. Chemicals were diluted in ASW to a

concentration of 10"" A/ (for most experiments) or 10"^^ M
(in a few cases) and added to the trough. Relative viscos-

ity was calculated as the reciprocal value of strain rate

normalized by the same value at application of test solu-

tions.

The samples of body wall tissue used in the mechanical

tests were taken from at least 5 animals for each neuropep-

tide. We could not find statistically significant differences

in responses between animals or between samples from

the same animal.
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Results

Purification and liioassay of peptides

At the first step of HPLC purification, the column (re-

versed-phase. ODP-50) was eluted with a 120-min linear

gradient of 0^-60% acetonitrile (ACN) in 0.1% trifluo-

roacetic acid (TFA) at pH 2.2. The results of bioassay

experiments showed that most fractions obtained between

10% and 34% ACN had effects on the contractility of

both the longitudinal muscle and the intestine. Therefore,

we divided the active fractions into six groups. Two of

the four peptides used in the present study were purified

from group 1, which was obtained between 10% and 14%

ACN. The other two were purified from group 2. which

was obtained between 14% and 18% ACN.

Group 1 was applied to a cation-exchange column, and

the column was eluted with a 70-min linear gradient of

0-0.7 M NaCl in 10 mM phosphate buffer at pH 7. 1
.
An

active peak (PI), which was found to have an inhibitory

effect on the twitch contraction of the radial muscle but

no effect on spontaneous contractions of the intestine,

eluted at about 0.15 M NaCl. Another active peak (P2),

which was found to have a contractile effect on both

muscle tissues, eluted at about 0.25 M NaCl. PI was

applied to another kind of reversed-phase column (ODS-

80TM). and an active peak eluted at about 18% ACN.

The peak was applied to the same column, and the column

was eluted isocratically with 16% ACN. To purify the

active substance of the peak, isocratic elution was re-

peated under the same conditions. P2 was also applied to

the ODS-80TM column. The active peak eluted at about

20% ACN. Next, the peak was again applied to the cation-

exchange column. Although the conditions of elution

were the same as in the second step, the active peak eluted

at about 0.1 M NaCl. To purify the active substance of

P2, isocratic elution was performed twice with the ODS-

80TM column at 19% ACN.
Group 2 was also applied to the cation-exchange col-

umn, and the column was eluted under the same condi-

tions as for group 1 . An active peak, which was found to

have an inhibitory effect on twitch contraction of the

radial muscle and a contractile effect on the intestine,

eluted at about 0.3 M NaCl. The peak was then applied

onto an ODS-80TN column. Two overlapping active

peaks (P3 and P4) eluted at about 22% ACN. Both peaks

showed similar activities. Next. P3 was applied to the

same column, and the column was eluted isocratically

with 21% ACN. The isocratic elution was again per-

formed and the P3 substance was purified. To purify the

P4 substance, similar isocratic elution with 21.5% ACN
was performed twice.

The purified peptidic substances were subjected to

amino acid sequence analysis and fast atom bombardment

mass spectrometry (FAB-MS). The results of the analyses

of the substances and their structures predicted from the

results are shown in Figure 1. PI was suggested to be a

heptadecapeptide having a disulfide bond. The peptide

was named stichopin. P2 was suggested to be a pentapep-

tide with an amidated C-terminus. The peptide was named

NGlWYamide according to its structure. P4 was sug-

gested to be a bradykinin-related heptapeptide. Its pre-

dicted structure is the same as holokinin 1 found in a

previous study (Iwakoshi et a!., 1995). P3 was suggested

to be Met(0)'-holokinin 1; that is, the peptide has an

oxidized methionine at the fifth position of holokinin 1.

This peptide has also been found in the previous study

and was termed holokinin 2. It cannot be ruled out that

Holokinin 1

Sequence Pro-Leu-Gly-Tyr-Met-Phe-Arg

FAB-MS 883.5 (M + H)"^

Structure Pro-Leu-Gly-Tyr-Met-Phe-Arg

Holol<inin 2

Sequence Pro-Leu-Gly-Tyr-Met-Phe-Arg

FAB-MS 899.4 (M + H)"*"

Structure Asn-Gly-lle-Trp-Tyr-NH2

NGlWYamide

Sequence Asn-Gly-lle-Trp-Tyr

FAB-MS 651.2 (M + H)"^

Structure Asn-Gly-lle-Trp-Tyr-NH2

Stichopin

Sequence Asp-Arg-Gln-Gly-Trp-Pro-Ala-Xaa-

Tyr-Asp-Ser-Lys-Gly-Asn-Tyr-Lys

FAB-MS 1989.7 (M + H)^

Structure Asp-Arg-Gln-Gly-Trp-Pro-Ala

Lys-Ser-Asp-Tyr-Cys g

' s
Gly-Asn-Tyr-Lys-Cys

Figure 1. Results of amino acid sequence analysis and fast atom

bombardment mass spectrometry (FAB-MS) of the purified peptides,

and the structures predicted from the results.
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the oxidization occurred during the purification of holoki-

nin 1. though holokinin 2 (oxidized holokinin 1| had an

almost identical effect on the muscle tissues and connec-

tive tissue.

Peptides with the predicted structures were synthesized.

The behavior of each synthetic peptide on reversed-phase

and cation-exchange HPLC was confirmed to be identical

with that of the corresponding native peptide. Further, the

effects of each synthetic peptide on the radial muscle and

the intestine were also confirmed to be identical with

those of the conesponding native peptides.

Figure I shows the results of amino acid sequence and

FAB-MS analysis as well as the predicted structure of

the four peptides isolated from the body wall of Stichopiis

japonicHs. We used synthetic peptides to test whether

they have an influence on the stiffness of sea cucumber

connective tissue either by themselves, or by influencing

the effect of ACh. Dermis samples of S. japonicus were

in general softer than those of H. leiicospilota. However,

this did not influence the reactivity of the samples, and

we did not observe any significant differences among the

species.

Mechanical tests

The holokinins had a softening effect, whereby the

effect of a concentration of 10 ''M did not differ signifi-

cantly from that of lO'^M. The effect could be observed

within 30 s after application of holokinins in both kinds

of test. In oscillating tests (Figs. 2. 4) the samples devel-

holokinin 1

holokinin 1

6 8 10

time (min)

Figure 2. Effect of holokinin 1
(10"° M) on stiffness of the dermis

of Holotluiria leiicospilota in the oscillatory strain test. The maximal

counterforce decreased rapidly after the holokinin 1 was applied. In this

graph and in Figures 4 and 6. the time axis is compressed so that it

does not resolve each oscillating cycle of the counterforce. Therefore

the space between no force and maximal force is blackened entirely in

the graphs.

CO
o
o
w>
0)
>

2 3 4
time (min)

Figure 3. Effect of holokinin 1 (10 " M) on the relative viscosity

of a dermis sample of Stichopus japonicus in the creep test. Relative

vi.scosity was calculated as the reciprocal value of strain rate normalized

by the same value at the time when holokinin 1 was applied.

oped a maximal counterforce that was more or less con-

stant without stimulation. When holokinins were applied

the counterforce dropped sharply, indicating that the tis-

sue softened. In creep tests (Figs. 3, 5), creep velocity

increased after application of holokinins, shown in our

graphs as a decrease of relative viscosity compared to

viscosity at time of application.

Holokinin 1 at concentrafions of 10"^ M and lO^'M

softened 19 out of 41 samples. The effect was seen with

dermis strips of//, leiicospilota (Fig. 2) and S. japonicus

(Fig. 3). Relative viscosity dropped to maxiinally about

10% in creep tests. Most of the samples stayed soft after

holokinin 1 was washed out with ASW. In some cases a

slight stiffening (recovery) was observed, but never to the

level before application of holokinin I. In oscillation tests,

maximal counterforce dropped maximally to 40% with

the application of holokinin 1. and no recovery was ob-

served after washing out with ASW.
Holokinin 2 was slightly less effective, softening 7 out

of 24 samples of//, leiicospilota (Fig. 4) and S. japonicus

(Fig. 5). In creep tests, relative viscosity dropped to maxi-

mally 10% without recovery, and in oscillation tests, max-

imal counterforce was reduced to 23% after application

of holokinin 2.

When we treated samples for 10 min in ASW saturated

with menthol, the softening reaction of both holokinins

was suppressed, but recovered at least partly after exten-

sive washing in ASW.
The neuropeptide bradykinin, common in vertebrates

and wasps (Elliott et ai. 1960: Nakajima, 1988) was also

tested, because it is partly homologous in sequence to the

holokinins. However, it had no effect on the stiffness of

holothurian dermis, nor did it suppress or enhance the

effect of ACh.

NGIWYamide had the opposite effect from that of the
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Figure 4. Effect of holokinin 2 (10" A/) on the stiffness of the

dermis of Holothuria leucospilota in the oscillatory strain test.

0)
O

NGIWY
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I

6 8
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Figure 6. NGIWYamide ( 10 • M) stiffened the dermis of Holntlm-

rid leucospilom as seen here by an increase in counterforce in the

oscillatory strain test. Washing with artificial seawater (ASWi lowered

the counterforce to nearly the initial value.

holokinins: it stiffened the dermis in 52 out of 120 sam-

ples of both sea cucumber species. Compared to the ho-

lokinins. NGIWYamide had a longer reaction time (the

reaction occurring within 100 s of application), the reac-

tion was often slower, and the extent of stiffening was

very variable. In oscillation tests the maximal counter-

force increased, showing a stiffening of the sample (Fig.

6) to maximal 194%. Recovery (i.e.. softening of the

sample) occuned frequently after washing with ASW. In

creep tests (Fig. 7) relative viscosity increased to maximal

220% of the initial value, without recovery after washing

with ASW.
As in holokinins, anesthesia for 10 inin in ASW satu-

rated with menthol blocked the effect of NGIWYamide

reversibly.

Stichopin by itself had no effect on dermal stiffness

during our tests. However, when samples were treated

with stichopin at 10 "' or 10" M for 30 min, the effect of

ACh was blocked in creep tests and in forced vibration

tests of both sea cucumber species (Fig. 8). In controls,

ACh had a stiffening effect or a biphasic effect— first

stiffening, then softening. Altogether, stichopin com-

pletely blocked the effect of ACh in 27 out of 36 cases,

and reduced the effect in the remaining 9 cases. When

samples were washed with ASW for at least 1 h, the

reactivity of ACh recovered to some extent but never

regained the levels seen before treatment with stichopin.

Discussion

The amino acid sequences of holokinins are homolo-

gous with those of bradykinins in vertebrates and wasps

(Elliott era/.. 1960; Nakajima, 1988). Vertebrate bradyki-

nins have a wide range of effects, mainly on the central

nervous system and on smooth muscles. Bradykinins from

holokinin 2

(A
OU
CO>
o
% 0.5
JO
9>

HT^V^^

"0123
time (min)

Figure 5. Creep test showing the softening effect of holokinin 2

(
10" M) on the stiffness of the dermis of Stichopiis japonicus.

3 4
time (min)

Figure 7. Creep test showing the stiffening effect of NGIWYamide

(10"' A/) on the dermis oi Stichopm japonicus. Relative viscosity in-

creased ca. 1 .5-fold.
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Figure 8. Influence of stichopin on the effect of acetylcholine (ACh)
on relative viscosity in the creep test with a sample of Holothuria

leucospilota. Stichopin was applied at the start of the experiment. At 3

min, 10"' M ACh was applied but had no effect (crosses). After washing

the sample for 1 h in artificial seawater (ASW), it was tested again as

control (circles). Now ACh had a clear stiffening effect, indicating that

the suppressive influence of stichopin had disappeared.

wasp venoms show some variation, but the basic bra(iyki-

nin sequence is well preserved (Nakajima, 1988).

The sequence homology between the holokinins and

bradykinin points to the possibility of a common ancestral

molecule, although the softening reaction of the sea cu-

cumber connective tissue is unique. Moreover, bradykinin

itself did not affect the stiffness of holothurian dermis,

so functionally the two peptides are different. The nervous

system of sea cucumbers is almost unknown, and specula-

tions about its evolution must wait until more details are

available.

Ejfects

The effect of the peptides was not constant throughout

our tests. Dermis samples were previously reported to

have different initial physiological states that result in

variable responses to the same stimuli (Motokawa,

1984b). These initial states most likely cause variability

of responses to peptides.

To test the responses of the dermis, we used two meth-

ods that differed in the way the force was applied and in

the speed at which the samples elongated. The oscillation

test employed repeated stretch-relax cycles and the elon-

gation speed was typically about 500 /;m/s. The creep test

applied a constant load and the speeds ranged between

0.1 and 3 /jm/s. This difference of two orders of magni-

tude makes it likely that the two tests measure stresses

of different parts of the complex molecular network of

the connective tissue. The effect of the agents tested did

not differ between the test methods, indicating that the

peptides affect basic properties of the material that influ-

ence tissue mechanics.

Holokinins had the most prominent effect among the

peptides tested here and are the first fully characterized

softening agent for sea cucumber dermis. Until now, ACh
was the only neurotransmitter known to affect dermal

stiffness, and its effect is biphasic: that is. it first stiffens

and then softens the dermis. As the only identified soften-

ing agents, the holokinins are unique. Their effect was

easily suppressed by menthol, indicating that they can be

classified as neuropeptides.

NGIWYamide is a short peptide and worked antagonis-

tically to the holokinins— it stiffened the dermis. Anes-

thesia suppressed the effect of NGIWYamide, classifying

it as a neuropeptide.

Stichopin lacked an effect when used alone, but sup-

pressed the reaction of sea cucumber dermis to ACh.
This suggests that NGIWYamide is also a neuropeptide,

modulating the action of ACh.

Studies on factors controlling the stiffness of sea cu-

cumber dermis were pioneered by Smith and Greenberg

( 1973). who found an evisceration factor with a molecular

weight between 1 3 1 and 1 8 1 in the sea cucumber Thyone

briareiis. Among its other effects, this factor softened

the connective tissue of the introvert during evisceration.

Later, Motokawa published a series of papers about a

softening and a stiffening factor in the coelomic fluid of

the sea cucumber Stichopiis chloronoriis (Motokawa,

1981, 1982a, 1982c) and a stiffening factor in the sea

cucumber S.7apon/c/(.v (Motokawa. 1984b). The softening

factor is heat stable, of low molecular size, and methanol

insoluble. The stiffening factor is also heat stable and of

low molecular size, but it is methanol soluble. We cannot

decide whether the factors found in those studies are iden-

tical with the neuropeptides described here, but heat sta-

bility and low inolecular weight (Iwakoshi et ai. 1995)

are common characteristics of our neuropeptides. There-

fore it seems possible that the two groups are similar or

even identical.

Catch connective tissue is unique to echinoderms and

characterized by its ability to change stiffness quickly

under nervous control without the involvement of muscle

cells. The connective tissue of sea cucumber dermis lacks

muscle cells entirely, so the observed effects can be attrib-

uted to changes of the connective tissue alone. Our data

show that four peptides (holokinins, NGIWYamide, and

stichopin) compose a system of neuropeptides that can

soften and stiffen the dermis and modulate the action of

the neurotransmitter ACh. Such a system has not been

reported in echinoderms.

It would be interesting to know which cells synthesize

and secrete the neuropeptides. Localization of the pep-

tides would probably require specifically tailored antibod-

ies and was far beyond the scope of the present study.

Our samples consisted of the white connective tissue of

the dermis. Former studies (Motokawa, 1982b; Matsuno

and Motokawa, 1992) have shown that this tissue consists

of extracellular matrix interspersed with minute processes
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of granule-containing cells of various types that resemble

vertebrate neurosecretory cells. The peptides in our exper-

iments most likely affected these cells. In a similar fash-

ion, cholinergic drugs evoke stiffness changes in samples

of connective tissue (Motokawa, 1987), probably by act-

ing on the same cells. The effect of anesthetics on the

action of both peptides and cholinergic drugs (Motokawa,

1987) supports the idea that the granule-containing cells

are functionally linked to neural elements. It seems likely

that the neuropeptides are synthesized and secreted by

these cells in order to closely control the stiffness of sea

cucumber dermis.

Other echinoderms

Control of connective tissue stiffness by a peptide or

peptide-containing factor has been reported only for the

starfish Pycnopodia heUanthoides (Mladenov et ai.

1989). The body fluids of this species contain an autot-

omy-promoting factor that is most likely a peptide or has

a peptide component with a molecular weight of about

1200 daltons. Because of its ability to evoke softening of

connective tissue during autotomy, this factor might be

similar to the peptides described in our study, although

its amino acid composition is unknown.

The other neuropeptides found in echinoderms evoke

stomach eversion in starfish (Elphick et ai. 1995) or mus-

cle relaxation in sea cucumbers (Diaz-Miranda and Gar-

cia-Arraras, 1995). The latter authors proposed that both

the neuropeptides of starfish and the neuropeptide they

found in sea cucumbers belong to a family of neuropep-

tides with a common periodic sequence that includes ser-

ine, leucine, and phenylalanine (Diaz-Miranda et ai.

1992). The peptides of our study do not tit this amino

acid pattern, and we thus conclude that ours are novel

neuropeptides different from any known in echinoderms.
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Nitric Oxide Function in an Echinoderm
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Abstract. In vertebrates, nitric oxide (NO) is synthe-

sized from L-arginine by NO synthase (NOS) and regu-

lates relaxation of smooth muscle by activating the cyclic-

GMP (cGMP) generating enzyme soluble guanylyl cy-

clase (SGC). Here we show that the NO-cGMP pathway

mediates relaxation of the cardiac stomach in the starfish

Asterias rubens. The NO-donors hydroxylamine. 5-nitro-

soglutathione (SNOG) and 5-nitroso-A'-acetylpenicilla-

mine (SNAP) and the NOS substrate L-arginine cause

relaxation of the cardiac stomach. The relaxing effect of

SNAP is blocked by the SGC inhibitor 1H-[1,2.4]-

oxadiazolo[4,3-a]quinoxalin-l-one (ODQ). and the re-

laxing effect of L-arginine is inhibited by ODQ and the

NOS inhibitor N"-monomethyl-L-arginine (l-NMMA).
ODQ and methylene blue also cause contraction, which

may be due to inhibition of the relaxing action of NO
produced by cells in the cardiac stomach. These results

suggest that NO is synthesized in the cardiac stomach

and regulates relaxation by activating SGC. NO-cGMP-
mediated relaxation of the cardiac stomach may be im-

portant during feeding in starfish where the relaxed stom-

ach is everted through an oral opening and over the digest-

ible parts of prey. The discovery of NO-cGMP-mediated

relaxation in an echinoderm demonstrates that regulation

of smooth muscle tone by this signaling pathway also

occurs in animals other than vertebrates.

Introduction

Nitric oxide (NO ) is one of a class of gaseous chemicals

that have been identified as signaling molecules in the
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Abbreviations: NOS, nitric oxide synthase; SGC, soluble guanylyl

cyclase; SNOG, S-nitrosoglutathione; SNAP, S-nitroso-A'-acetylpenicil-

lamine; ODQ, lH-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one; L-NMMA.
N'-monomethyl-L-arginine.

nervous system (Dawson and Snyder, 1994). NO is syn-

thesized in neurons by a Ca"*/calmodulin-activated,

NADPH-dependent enzyme known as nitric oxide syn-

thase (NOS). NO diffuses from sites of synthesis into

adjacent cells and exerts effects by activating the enzyme

soluble guanylyl cyclase (SGC) to generate the second

messenger cGMP (Garthwaite, 1991). This NO-cGMP
signaling pathway appears to be evolutionarily ancient

because it is present in a wide range of animal groups

including cnidarians (Colasanti et ai. 1995; Salleo et al.,

1996), nematodes (Bascal et al.. 1995), annelids (Leake

and Moroz, 1996), molluscs (Jacklet and Gruhn. 1994),

arthropods (Mtiller, 1997), and vertebrates (Nilsson and

S5derstrom, 1997). Moreover, diverse functions for the

NO-cGMP pathway have been identified, including roles

in learning and memory (Schuman and Madison, 1994;

Robertson et al.. 1996), feeding (Colasanti et al.. 1995;

Elphick et al.. 1995b; Salleo et al.. 1996), olfaction (Gel-

perin, 1994; Muller and Hildebrandt, 1995), and regula-

tion of mammalian smooth muscle tone (Palmer et al..

1987; Bull era/., 1990).

One major invertebrate phylum in which the NO-cGMP
signaling system has remained largely unexamined is the

echinoderms. In fact, the only evidence of the existence

of the NO-cGMP pathway in this phylum is an immuno-

cytochemical study using an antiserum to rat brain NOS
in which NOS-like immunoreactive neurons were de-

tected in the cardiac stomach of the starfish Marthasterias

glacialis (Martinez et al., 1994). Interestingly, one of the

functions of NO in vertebrates is to cause relaxation of

smooth muscle in the gut (Olsson and Holmgren, 1997).

The detection of NOS-like immunoreactivity in neurons

of the starfish cardiac stomach suggests that NO may
regulate muscle tone in this organ. The relaxing effect of

NO on smooth muscle has been observed in a variety of

vertebrate preparations, but it is not known whether NO
has a similar role in invertebrates, Echinoderms occupy

260
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an interesting position in animal evolution. Although they

are invertebrates, echinoderms have a deuterostomian

mode of development like the vertebrates. For this reason

the echinoderms and a few other invertebrate deutero-

stomian phyla are recognized as being more closely re-

lated to vertebrates than the protostomian invertebrate

phyla such as arthropods, molluscs, and annelids. There-

fore, comparative analysis of NO function in echinoderms

is of particular interest.

In the present study we have investigated the role of

the NO-cGMP pathway in the cardiac stomach of the

starfish Aslerias riihens. To do this a variety of drugs

that interact with components of the NO-cGMP signaling

system were tested for their effects on the contractility of

an //; vitro preparation of the cardiac stomach. The results

indicate that NO is involved in regulating the starhsh

cardiac stomach by causing relaxation of muscle tone.

This effect of NO may be important during feeding in

starfish where the relaxed cardiac stomach is everted

through an oral opening and over the digestible parts of

prey animals such as mussels and oysters.

Materials and Methods

Specimens of Asterias riibens were purchased from the

University Marine Biological Station at Millport, Scot-

land, and kept in a seawater aquarium at Queen Mary

and Westfield College. Cardiac stomach preparations

were dissected and linked to a transducer as described by

Elphick et al. ( 1995a). The preparation was suspended in

a 20-ml organ bath containing aerated seawater main-

tained at 1 rC and was then left to equilibrate for about

1 5 min. To investigate the effects of drugs that interact

with the NO-cGMP pathway, the seawater (which con-

tains about 10 mM K^) was replaced with seawater con-

taining 30 mM added KCl. These depolarizing conditions

induce sustained but sub-maximal contracture of the car-

diac stomach, making it possible to observe the effects

of drugs that cause relaxation.

Cardiac stomach movement was recorded using a Har-

vard isotonic transducer (0.5 g load) linked to a Harvard

twin-channel Universal oscillograph. A range of gain set-

tings on the oscillograph were used depending on the

responsiveness of the preparation. Each of the recordings

illustrated in the figures are accompanied in the figure

legend with the gain setting to enable comparison of re-

sponses.

Drugs tested included the NO-donors hydroxylamine,

S-nitrosoglutathione (SNOG) and 5-nitroso-/V-acetylpeni-

cillamine (SNAP). A'-acetylpenicillamine (NAP) was

used as a negative control for SNAP to establish whether

effects observed could be attributed to SNAP'S ability to

release NO. The substrate for NOS. L-arginine, was tested

using D-arginine as a negative control. Test compounds

that inhibit NO-cGMP signaling included methylene blue,

an inhibitor of both NOS and SGC (Miki et al.. 1987;

Mayer et al.. 1993); the NOS inhibitor N'-monomethyl-

L-arginine (L-NMMA) (Moncada et al.. 1991); and IH-

[l,2,4]oxadiazolo|4,3-a]quinoxalin-l-one (ODQ), a com-

pound recently identified as a selective inhibitor of SGC
(Garthwaite et al.. 1995).

All of the drugs were tested on at least three different

preparations and representative responses are illustrated

in the figures. Where enzyme inhibitors were used, the

percent inhibition was calculated from three or more ex-

periments as the mean ± standard error of the mean.

Drugs were obtained from Sigma (Poole, Dorset, UK)

except SNAP. SNOG, and l-NMMA, which were gifts

from the Wellcome Research Laboratories, and ODQ.

which was purchased from Tocris Cookson (Bristol, UK).

Drugs were prepared as aqueous solutions except ODQ,

which was dissolved in DMSO and diluted in water with

the final concentration of DMSO in the organ bath not

exceeding 0.12%. Drugs were added to the organ bath in

volumes of 10- 100 n\ to achieve the bath concentrations

shown in the figures.

Results

The NO-donors hydroxylamine, SNOG, and SNAP
caused relaxation of the cardiac stomach (Fig. 1 ). The

relaxing effect of SNOG (10/jA/) was rapidly reversed

on washing (Fig. lb), whereas hydroxylamine (1 mAf)

and SNAP (10 fjM) had longer lasting effects as several

washes were required before basal tone was restored (Fig.

la, c). Differences in the reversibility of the relaxing ef-

fects of the NO donors may reflect their relative perme-

ability in cardiac stomach tissue. The magnitude of the

relaxing effect of the NO-donors was dose-dependent as

illustrated for SNAP in Figure Ic. If three chemically

unrelated NO-donors cause relaxation of the cardiac stom-

ach, then it is likely that their effects are attributable to

their ability to release NO rather than to some other chem-

ical property of these compounds. Nevertheless, we ad-

dressed this question by testing NAP which, except for

the absence of an NO moiety, is otherwise chemically

identical to SNAP. NAP did not cause relaxation of the

cardiac stomach when tested at a concentration (10/jM)

at which SNAP causes marked relaxation (Fig. Id).

Methylene blue caused dose-dependent contraction of

the cardiac stomach (Fig. 2a). However, this compound

inhibits both NOS and SGC, which makes interpretation

of results difficult. ODQ. a selective inhibitor of SGC,

has low solubility in water, and DMSO was used as a

solvent to prepare stock solutions. In some preparations,

however, the DMSO-containing vehicle had a contracting

effect on the cardiac stomach. Therefore, we have illus-

trated here experiments in which the DMSO-containing
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t
1 mM
hydroxylamine

(b)

10 nM
SNOG

(C)

10|iM

SNAP

t
10 nM
NAP 5 min

Figure 1. NO-donors cause relaxation of the cardiac stomach, (a)

Hydroxylamine; gain 1. (b) SNOG; gain 5. (c) SNAP; gain 7. (d) NAP,

which is chemically identical to SNAP apart from the absence of a NO
moiety, does not cause relaxation; gain 5. [W = wash] In (c) and (d)

there is a slight decrease in baseline tension during the course of the

experiments, but the responses to SNAP and NAP, respectively, are

clearly very different.

bition of SGC activation by endogenous NO. To investi-

gate the mode of action of ODQ on the cardiac stomach,

we tested ODQ in combination with exogenous NO re-

leased by the NO-donor SNAP. First SNAP was tested

alone at a concentration (10 /jM) at which it consistently

causes relaxation of the cardiac stomach (Fig. 3a). Then,

after washing, the cardiac stomach was incubated with

lO^M ODQ for 15 min before applying a second dose

of 10 ^M SNAP (Fig. 3b). ODQ caused almost complete

inhibition (94.89^ in Fig. 3b) of the relaxing effect of

SNAP. After washing out of the ODQ, SNAP was tested

a third time and in the absence of ODQ the normal re-

laxing effect of 10 ijM SNAP was restored (Fig. 3c). The

mean percentage inhibition by \0 jjM ODQ on the re-

laxing effect of 10 ijM SNAP in hve experiments on dif-

ferent preparations was 88.7 ± 2.3'7c (Fig. 3d). A mean

inhibition of 56.6% was observed in two other experi-

ments using 3 ^M ODQ (data not shown).

The experiments described so far indicate that NO
causes relaxation of the cardiac stomach by activating

SGC. In the presence of the SGC inhibitor ODQ, the

relaxing effect of endogenous NO is blocked, leading to

contraction. However, this provides only indirect evi-

t t
1 |iM ODQ 3 |iM ODQ

vehicle had no effect on muscle tone. Doses of 1 fjM and

3 ^M ODQ had no effect on cardiac stomach tone, but

10 fiM ODQ consistently caused contraction (Fig. 2b),

However, the delay in the onset of contraction and the

rate of contraction with 10 jjM ODQ were quite variable

in different preparations.

The contractions caused by ODQ on the cardiac stom-

ach suggest that ODQ is exerting this effect through inhi-

10|,tMODQ

Figure 2. The NO-cGMP pathway inhibitors methylene blue and

ODQ cause contraction of the cardiac stomach, (a) Methylene blue

I MB); gain 5. (b) ODQ; gain 4.
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(a) before ODQ

t
10 \iM SNAP

(b) with 10 nM ODQ

t
10 HM SNAP

(c) after washing out ODQ

10 nM SNAP lOiiMSNAP
with lOnMODQ

dence that NO is synthesized and released by cells in the

cardiac stomach. We tested for NO production by NOS
in the cardiac stomach by examining the effects of its

substrate L-arginine. We also tested the NOS inhibitor l-

NMMA.
L-arginine caused relaxation of the cardiac stomach

when tested at 0.1 mM and 1 mM. In the experiments

illustrated in Figure 4a and b. first the D-isomer of arginine

was tested at 0.1 mM; this had no effect on muscle tone

(Fig. 4a), whereas the L-isomer tested at the same concen-

tration caused a marked relaxation of the cardiac stomach

(Fig. 4b). At 1 mM, however, D-arginine sometimes

caused slight relaxation of the cardiac stomach. This may

be due to the presence of small amounts of L-arginine in

our D-arginine stock. Alternatively, D-arginine may pro-

duce effects at 1 mM due to the action of an isomerase

that converts D-arginine to L-arginine.

In each preparation, consistent dose-dependent relax-

ation was observed with L-arginine. However, prepara-

tions varied in the shape and magnitude of their responses

to L-arginine. For example, some preparations relaxed

rapidly and then partially restored basal tone prior to

washing (Fig. 4b) and others responded with a slow but

sustained relaxation that was only reversed on washing

(Fig. 4c). Differences in responses among preparations

probably reflect natural variability in the motility and met-

abolic state of the cardiac stomach in starfish.

L-NMMA did not have a consistent effect on cardiac

stomach tone when tested alone, although we observed a

gradual and slight increase in tone in some preparations.

However, in preparations pre-incubated with L-NMMA
for 30 min, the relaxing effect of L-arginine (Fig. 4c) was

partially inhibited (56%; Fig. 4d). The mean percentage

inhibition of 1 mM L-arginine-induced relaxation by

0. 1 mM L-NMMA from three experiments performed on

different preparations was 60.0 ± 9.9% (Fig. 4e).

We further investigated the mode of action of L-argi-

nine on the cardiac stomach by testing the effect of ODQ
on L-arginine responses. Ten /xM ODQ caused partial

inhibition (41.4%) of the relaxing effect of L-arginine

(Fig. 4f) as illustrated in Figure 4g. In three experiments

Figure 3. ODQ inhibits SNAP-induced relaxation of the cardiac

stomach, (a) SNAP-induced relaxation before application of ODQ. (b)

Incubation in ]0 fjM ODQ for L*! min prior lo application of SNAP
inhibits (94.8%) the relaxing effect of SNAP, (c) After washing

(60 min), the relaxing effect of SNAP is restored. The dashed line in

each section of the figure indicates basal tone in the preparation prior

to application of the first sample of SNAP in (a). The biphasic nature

of the response lo SNAP in (a) but not in (c) was not seen in all

preparations tested, but we have shown it here because it reflects natural

variability that is typical for this preparation. The gain is 2 in (a), (b),

and (c). (d) Graph showing the mean and standard error of the inhibitory

effect of ODQ on SNAP-induced relaxation from five experiments on

different preparations.
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(a)

t
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(c) before L-NMMA
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(d)wi(hO.l mM L-NMMA

T
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(f) before ODQ
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(h)

100
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Figure 4. l-NMMA and ODQ inhibit L-arginine-induced relaxation of the cardiac stomach, (a) D-

arginine has no effect on a cardiac stomach preparation in which (b) L-arginine causes relaxation; gain 5.

(c) L-arginine-induced relaxation is (d) inhibited (56%) when the preparation is pre-incubated with 0.1 mM
L-NMMA for 30 min; gain 3. (e) Graph showing the mean and standard error of the inhibitory effect of

0.1 mM L-NMMA on 1 mA/ L-arginine-induced relaxation from three experiments on different preparations,

(f) L-argimne-induced relaxation is (g) inhibited (41.49^) when the preparation is pre-incubated with 10 fjM

ODQ for 15 min; gain 3. (h) Graph showing the mean and standard error of the inhibitory effect of 10 fjM

ODQ on 1 mM L-arginine-induced relaxation from three expenments on different preparations.

performed on different preparations, the mean percentage

inhibition of 1 niM L-arginine-induced rela.xation by

10 /xM ODQ was 46.5 ± 1 1.6% (Fig. 4h).

Discussion

The results of the experiments described here demon-

strate that NO causes relaxation of the starfish cardiac

stomach and indicate the presence of a NO-cGMP signal-

ing pathway in the cardiac stomach. Three chemically

distinct NO-donors. hydroxylamine, SNOG, and SNAP,

caused relaxation of the cardiac stomach while NAP.

which is chemically identical to SNAP apart from the

absence of a NO moiety, had no effect on the cardiac

stomach. This provides clear evidence that NO causes

relaxation of the starHsh stomach. However, it is more

difficult to demonstrate that NO is naturally released by

cells in the cardiac stomach to regulate muscle tone. Nev-

ertheless, by testing a range of NO-cGMP pathway inhibi-

tors and the substrate for NOS. L-arginine. we have ob-

tained a series of consistent responses, all of which sup-

port the notion that NO is a natural regulator of muscle

contractility in the starfish cardiac stomach.

Methylene blue causes contraction of the cardiac stom-

ach in a dose-dependent manner, but we cannot be certain

of the mode of action of this compound because it inhibits
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both of the key enzymic components of the NO-cGMP
pathway. NOS and SGC (Miki et al., 1987; Mayer et ai.

1993). Therefore, inhibition of basal NO production by

NOS or inhibition of the activation of SGC by endoge-

nous NO could account for the contracting effect of meth-

ylene blue on the cardiac stomach. The effects of ODQ
on the cardiac stomach, however, can be attributed to its

property as a selective inhibitor of SGC (Garthwaite et al.

1995). ODQ causes contraction of the cardiac stomach,

suggesting that it is blocking activation of SGC by endog-

enous NO. Evidence that ODQ exerts its effects by inhib-

iting activation of SGC by endogenous NO is provided

by experiments in which ODQ blocked the relaxing effect

of exogenous NO in the form of the NO-donor SNAP.

ODQ also partially inhibits the relaxing effect of the NOS
substrate L-arginine, indicating that endogenous produc-

tion of NO regulates cardiac stomach tone by activating

SGC. Likewise, the NOS inhibitor l-NMMA partially

inhibits the relaxing effect of L-arginine, indicating the

presence of NOS in the cardiac stomach.

Therefore, collectively the experiments described here

indicate that NO is synthesized by NOS in the cardiac

stomach and regulates this organ by activating SGC to

generate cGMP, which leads to relaxation. The cellular

location of the enzymic components of this NO-cGMP

pathway in the cardiac stomach is not known. However,

the presence of NOS-like immunoreactivity in basiepi-

thelial neurons of cardiac stomach (Martinez et al, 1994)

suggests that NO is released by neurons. It seems most

likely that NO is released in the basiepithelial nerve

plexus, which is separated in the cardiac stomach from a

smooth muscle layer by a thin layer of connective tissue

(see Moore and Thorndyke, 1993. for diagrams). The

most likely location for SGC is in the smooth muscle

cells of the cardiac stomach, as in the mammalian gut

(Boeckxstaens and Pelckmans, 1997). Here activation of

SGC by NO would cause increased cGMP levels, which

in turn could act as an intracellular signal mediating relax-

ation.

The proposed anatomy of NO-cGMP signaling in the

cardiac stomach may explain some of the results obtained

with NO-cGMP pathway inhibitors. The SGC inhibitor

ODQ caused contraction of the cardiac stomach. We at-

tribute this to inhibition of SGC activation by endoge-

nously released NO. If this is correct, then one could

predict that the NOS inhibitor l-NMMA would also cause

contraction by inhibiting endogenous NO production.

However, with l-NMMA we did not observe contractions

like those seen with ODQ. although in some preparations

a gradual increase in tone was observed. How can this

be explained? It may simply reflect the relative permeabil-

ity of the two drugs in cardiac stomach tissue and the

depth of tissue they must penetrate to reach their molecu-

lar targets. The molecular target of ODQ (SGC) is likely

to be located in the superficial muscle layer, whereas the

molecular target of L-NMMA (NOS) is apparently located

in neurons (Martinez et al. 1994) that are separated from

the bathing medium by several layers of cells and connec-

tive tissue.

It should be recognized, however, that although the

function of the NO-cGMP pathway in the starfish cardiac

stomach may be similar to its role in the mammalian

gut, the anatomy of the innervation is quite different. In

mammals, NO is released by inhibitory non-adrenergic

non-cholinergic (NANC) nerves of the peripheral auto-

nomic nervous system (Boeckxstaens and Pelckmans,

1997). Homologs of NANC nerves are not present in

echinoderms, and innervation of the starfish cardiac stom-

ach consists solely of an intrinsic basiepithelial nerve

plexus. Moreover, NO is only one of a number of mole-

cules that are considered to function as inhibitory NANC
neurotransmitters in mammals. Other substances that may

act in series or in parallel with NO include the neuropep-

tide vasoactive intestinal peptide and ATP (Boeckxstaens

and Pelckmans, 1997).

The discovery of a NO-cGMP signaling system in the

starfish cardiac stomach is interesting for a number of

reasons. This is the first study, to the best of our knowl-

edge, that has investigated NO function in an echinoderm.

Moreover, NO-cGMP-mediated relaxation of smooth

muscle has thus far been described only in vertebrates.

The presence of this pathway in a stomach preparation

from an echinoderm indicates that NO-cGMP-mediated

smooth muscle relaxation may be widespread in the ani-

mal kingdom.

The presence of the NO-cGMP pathway in the starfish

cardiac stomach is of particular interest because of the

role this organ plays in the unusual feeding behavior of

these animals. Starfish like Asterias mbens feed by

everting their cardiac stomach through an oral opening

and over digestible parts of prey such as mussels and

oysters. Very little is known about how eversion of the

cardiac stomach is controlled, but it is clear that the stom-

ach must be relaxed for eversion to be accomplished (An-

derson, 1954). Recently, a neuropeptide (S2) belonging

to a family of echinoderm peptides known as SALMFam-

ides was identified as a potent relaxant of the starfish

cardiac stomach (Elphick et al. 1991. 1995a). In the pres-

ent study we show that the NO-cGMP pathway also medi-

ates relaxation of the cardiac stomach. This indicates that

cardiac stomach relaxation and eversion is controlled by

several neuronal signaling systems that may act in parallel

or in series. The complexity of the pharmacology of the

cardiac stomach is therefore comparable with the afore-

mentioned NANC innervation of the mammalian gut. In

the future we plan to investigate possible interactions be-

tween the SALMFamide neuropeptide system and the
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NO-cGMP pathway in regulating relaxation of the starfish

cardiac stomach.
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Abstract. The structure and ultrastructure of the eyes

of postlarval vent shrimps provisionally designated 'Alvi-

nocaris" and 'Chorocaris' are described. The eyes of the

postlarval 'Alvinocaris' are cylindrical, borne on short

stalks, and contain closely packed rhabdoms. The omma-

tidia lack dioptric apparatus and have rhabdoms extending

almost to the cornea. The rhabdoms consist of orthogonal

layers of microvilli typical of crustacean rhabdoms. The

eyes of the 'Chorocaris' are similar, but the rhabdom

layer extends back through the reduced eyestalks and cov-

ers some of the dorsal surface of the cephalothorax. The

rhabdoms from both the anterior and the thoracic regions

consist of layered microvilli. The eyes of a slightly

smaller postlarval vent shrimp, termed 'Type A", differ.

Although clearly related to the other vent shrimps. Type

A has stalked eyes held at an angle to the head. The eye

displays a gradient of ommatidial development, with the

older ommatidia closely resembling those seen in the

other postlarval types. Between the cornea and the rhab-

dom layer, the youngest ommatidia possess quadripartite

crystalline cones similar to those seen in related families

of caridean shrimps; these are absent in the more mature

ommatidia. The external structure of the anterior and tho-

racic eyes of juvenile Rimicaris exoculata (after settle-

ment at the vent site) is also described. Juveniles up to 9

mm in carapace length have anterior corneas similar to

those seen in postlarvae. whereas in larger specimens the

corneas are progressively replaced by an ocular plate.
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Introduction

Hydrothermal vents are generally found in the region

of tectonic plate boundaries such as the mid-Atlantic ridge

and the Galapagos rift. The emission of super-heated wa-

ter (350°C) rich in minerals has led to the establishment

of communities of animals that live around these vents

and feed primarily on chemoautotrophic bacteria (Segon-

zac et ai. 1994). Such communities are dominated on

the mid-Atlantic ridge by caridean shrimps of the family

Bresiliidae (Williams and Rona. 1986). In the present

study, the structure and ultrastructure of the eyes of post-

larval shrimps obtained in the dark by trawling above a

vent field in the mid-Atlantic ridge are described. In addi-

tion, the progressive reduction in size and disappearance

of the anterior eyes during development is described in

juvenile specimens of Rimicaris exoculata obtained from

two vent sites sampled using a submersible vehicle.

The commonest vent shrimps recorded from the mid-

Atlantic ridge are Rimicaris exoculata. Chorocaris cha-

cei, and Alvinocaris markensis (Segonzac et al.. 1994),

although there inay be other species present. Although

lacking conventional compound eyes, adult specimens of

R. exoculata possess a large white photosensitive organ

(thoracic eye) beneath the dorsal surface of the carapace

(Van Dover et al.. 1989). It has been suggested that this

thoracic eye is used for detecting light emitted from the

vents (Pelli and Chamberlain, 1989; Van Dover et al..

1994). In the present study we found that, in their early

stages, postlarval R. exoculata possess eyes of a conven-

tional appearance, but that these gradually disappear dur-

ing development. Because the eyes do not contain any

dioptric apparatus during the later stages of development.

267
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they are referred to below as anterior eyes (if located in

the position normally occupied by the eyestalks) and dor-

sal or thoracic eyes (if located on the dorsal surface of

the cephalothorax). The structure of the thoracic eye has

been described for R. exocidata (O'Neill et al., 1995) and

for a new unidentified species of Riniicaris (Nuckley et

al.. 1996). The evolutionary origins of the thoracic eye

are not immediately obvious, although possible clues to

its provenance may come from studies of vent shrimps

possessing eyes of a more conventional appearance. Alvi-

nocaris markensis has no thoracic eye but does possess

small anterior eyes, although it has been reported that the

latter contain no photoreceptors (Wharton et al.. 1997).

Chorocaris chacei and Chorocaris fortiinata not only

have reduced anterior eyes but also have thoracic eyes

that may be contiguous with them (Lakin et al., 1997:

Kuenzler et al., 1997). Hypotheses about the relationship

of the thoracic organ to the usual decapod compound eye

have been put forward (O'Neill et al.. 1995: Nuckley et

al.. 1996: Lakin et al.. 1997: Kuenzler et al., 1997), but

the development of vent shrimp eyes has not been investi-

gated. In the current study, the structure of both anterior

and thoracic eyes is described in various postlarval and

juvenile stages of vent shrimps. The term postlanae is

used here to designate post-zoeal stages bearing the full

complement of abdominal appendages (Herring and

Dixon, 1998).

Because the eyes of deep-sea decapod crustaceans are

adapted to maximize sensitivity, they are susceptible to

light-induced damage when they are exposed to light lev-

els significantly higher than ambient (Loew, 1976: Shel-

ton et al., 1985). The damage manifests itself as irrevers-

ible rhabdom breakdown and changes to other structures

in the eye (Gaten et al., 1990). The thoracic eyes of adult

vent shrimps described at the ultrastructural level in previ-

ous studies were obtained from animals that had been

illuminated by the floodlights of a submersible vehicle

during capture and sometimes by other light sources after-

wards (O'Neill et al, 1995: Nuckley et al.. 1996: Lakin

et al, 1997: Kuenzler et al, 1997). This is likely to lead

to light-induced structural damage, making it difficult to

be certain that the appearance of the rhabdoms in such

material is normal. Thoracic eye rhabdoms are described

as lacking the orthogonally orientated layers of microvilli

typical of rhabdoms in other Crustacea, and they often

contain irregular arrays of microvilli—some of which

may be expanded to form vesicles within the rhabdom

(Van Dover et al, 1989: O'Neill et al. 1995: Nuckley

et al, 1996: Kuenzler et al, 1997). To confirm that this

appearance is not artifactual, it is necessary to examine

material that has not been exposed to visible light. The

postlarval shrimps used for ultrastructural analysis in the

present study were obtained by trawling. Consequently

they had not encountered lights from a submersible vehi-

cle, and they were not exposed to white light at any

stage during capture. This has enabled us to investigate

rhabdom structure in specimens that have definitely not

been damaged by light. The results show that in the post-

larval stages at least, the rhabdom stmctures in both ante-

rior and thoracic eyes have the banded appearance typical

of other crustaceans.

The shrimps we examined were taken from a collection

made during a mid-Atlantic survey carried out during

Charles Darwin cruise 95 (Herring, 1996). Although no

classification of postlarval bresiliid shrimps is currently

available, the collection was found to contain three mor-

phologically distinct types: postlarvae of the genus Alvi-

nocarls, a group classified as 'Chorocaris' type, and a

group of morphologically indistinguishable younger post-

larvae that were arbitrarily designated 'Type A' (Herring,

1996). A DNA analysis of selected specimens from the

collection concluded that the Alvinocaris postlarvae were

probably A. marken.sis. while those identified as 'Choro-

caris' type postlarvae were indeed mainly Chorocaris sp.

but included occasional specimens of Riniicaris (Dixon

and Dixon, 1996). The same study found that the Type

A specimens included individuals from three genera: Alvi-

nocaris. Chorocaris. and Riniicaris. Whatever the final

assignation of the specimens, the present paper represents

the first description of developing stages of anterior and

thoracic eyes in vent shrimps. It also shows that the tho-

racic eyes are anatomically continuous with the anterior

eyes in postlarval stages and are almost certainly derived

from them.

Materials and Methods

Most of the postlarval shrimps described were obtained

by trawling above a known hydrothermal vent site (Bro-

ken Spur— 29°10'N) in the mid-Atlantic ridge (segment

17) during cruise 95 of the RRS Charles Darwin. The

maximum depth in the region of the vent field is 3200

m. A multiple rectangular midwater trawl (Roe and Shale,

1979) was used to fish the nets above the vent region at

depths ranging from 2000 to 3050 m. A total of 232

postlarval vent shrimps, all between 13 mm and 23 mm
total length, were taken, mostly within 1000 m of the

vent. Although abundances decreased both vertically and

horizontally away from the vents, some shrimps were

taken at more than 100 km from known vents (Herring,

1996). The nets were hauled after dark, the opaque cod-

ends were protected from light, and the shrimps were

sorted under dim red light to avoid light-induced damage.

Whole shrimps, heads, or eyes were fixed in the dark

in 3i% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2.

Some specimens were embedded on board ship (through
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a graded ethanol series and into Taab E-Mix resin via

propylene oxide), whilst others were stored in fixative

and embedded ashore up to 3 months later (dehydrated

in acetone and embedded in Spurr's resin). Semithin (1

fim) sections were taken for light microscopy and pale

gold sections for electron microscopy. Semithin sections

were stained in 1% toluidine blue in 4% borax and

mounted in resin under a thin coverslip. Ultrathin sections

were mounted on grids, stained by standard techniques

in uranyl acetate and lead citrate, and observed on a JEOL
CXI 00 transmission electron microscope. Other speci-

mens were dehydrated, critical point dried in carbon diox-

ide, and coated with gold/palladium for observation using

a Cambridge SI 00 scanning electron microscope.

Quantitative measurements were made from both elec-

tron micrographs (diameters of microvilli) and light mi-

crographs (rhabdom volume density and microvillar sur-

face area). To determine the rhabdom volume density,

rhabdom areas were measured on micrographs of trans-

verse and longitudinal sections of the retinular cell layer

and recorded as a proportion of the total area. The surface

area of microvillar membrane was calculated assuming

that the microvilli are cylindrical and hexagonally packed:

the values are recorded as square micrometers of mem-

brane per cubic micrometer of rhabdom.

A limited number of large juvenile shrimps were ob-

tained by net from a submersible at the Broken Spur

(29°10'N) and TAG (26°8.25'N) sites during the Russian/

British BRAVEX/94 program. They were fixed in buf-

fered formalin solution, without having been protected

from light during capture.

Results

External appearance

The 'Chorocaris' type postlarvae (Fig. lA) and the

Alvinocaris markensis postlarvae (Fig. IC) are similar in

general appearance, differing primarily in the lengths of

the rostra and in the presence of a thoracic eye in the

former. 'Chorocaris' has anterior eyes that are almost

cuboid, largely because the anterior medial surfaces of

the two eyes are flattened where they abut each other and

the ventral surfaces of the eyes are flattened where they

abut the underlying carapace. The lateral and anterior

surfaces of the eye are also relatively flat. Both anterior

eyes are almost hidden beneath the short, blunt rostrum;

they are sessile and, although separate at anterior levels,

they are fused in the midline more posteriorly. A small

papilla is present on the medio-dorsal region of the cor-

nea. The anterior eyes do not show regular external fac-

etting, but roughly square arrays of ommatidial units are

visible in fresh specimens. This pattern extends seam-

lessly behind the eye and into the thorax, where the retina

extends to form thoracic eye lobes on either side of the

midline beneath the dorsal carapace. The thoracic eyes are

white in freshly caught animals, but turn dark following

extended fixation. The Alvinocaris markensis postlarvae

have a long, pointed rostrum with anterior eyes that are

rounded and sessile. They also possess a corneal papilla.

There is no sign of any external facetting on the cornea

(Fig. IB) and no extension of the retina into the thoracic

region to form thoracic eyes.

Type A postlarvae differ from the preceding types

principally in the structure of the eyes. These are borne

on eyestalks projecting forward at an angle of about 45°

to the antero-posterior axis and are located on either

side of the long, pointed rostrum (Fig. ID). In this orien-

tation the functional parts of the eye face laterally and

anteriorly. The carapace covers most of the medial face

of the eyestalk. As in the other two taxa. a papilla is

present on each eyestalk. Scanning electron micro-

graphs revealed traces of external facetting on the cor-

nea even though the soft cornea in most of the speci-

mens had been damaged during capture or subsequent

processing. The facets are hexagonal over most of the

eye (Fig. IE), although some postero-ventral facets are

square (Fig. IF). There is no sign of a thoracic eye.

The anterior eyes of the juvenile shrimps obtained from

Broken Spur and TAG varied in the extent to which

they were developed, with the smaller individuals pos-

sessing the most pronounced anterior eyes. In the largest

specimens, anterior eyes were replaced by a fused ocular

plate as in adult R. exoculata (Segonzac et al., 1994).

In addition to the variability in eye appearance, these

specimens revealed differences in the degree of reduc-

tion of the rostra and the inflation and forward expansion

at the rounded anterolateral margins of the carapace.

They all possessed a thoracic eye, and the first cheliped

had the slender shape and chela structure typical of

R. exoculata (Williams and Rona, 1986). Although in

certain respects they resembled juvenile Chorocaris

chacei. the antennal scale completely lacked the exter-

nal tooth characteristic of that species. In addition, they

possessed rounded eyes rather than the cuboidal ones

seen in juvenile Chorocaris. On the basis of the antennal

scale characteristics and the structure of the first cheli-

ped, we are confident that these juvenile vent shrimps

obtained from the Broken Spur and TAG sites are R.

exoculata. Because of their variable appearance, the an-

terior eye, carapace, and rostrum are not reliable charac-

teristics for the separation of juvenile Rimicaris and

Chorocaris. At the earlier postlarval stage, R. exoculata

and C. chacei are morphologically inseparable but ge-

netically distinct (Dixon and Dixon, 1996). As they ma-

ture, juveniles of R. exoculata apparently undergo a

progressive reduction in the anterior eyes and rostra.
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Figure 1. Scanning electron micrographs of postlarval vent shrimps. (A) Antero-lateral view of 'Choro-

caris' showing the eyes almost hidden beneath the short blunt rostrum. Papillae (arrowed) are present on

each eyestalk. (B) Anterior view of the right eye of the same species. Although the surface of the cornea

is sculptured, there is no visible facetting. (C) Lateral view of Alvinocaris showing the much longer rostrum.

(D) In this lateral view of Type A it can be seen that the eyestalks protrude either side of the long rostrum.

External facetting is seen in this species, usually arranged he.xagonally (E) but including areas of square

facets ventrally (F). Scale bars: A = 250 atii, B = 100 pm, C = ?00 /vm. D = 500 ^m, E = 25 /jm. F =

50 /Jill.
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Specimens up to 9 mm in carapace length retain distinct

anterior corneas with the rostrum extending forward to

their anterior limit (Fig. 2A). In larger specimens (cara-

pace length 9.5 mm and above) the corneas are replaced

[A
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^

Figure 2. Light micrographs showing the dorsal view of the cepha-

lothorax of Riniicaris sp. at various stages of development (arrow points

to anterior). (A) Juvenile (9-mm carapace length) with separate eyes (e)

and protruding rostrum (r). (B) Juvenile (9.5-mm c.l.) with fused ocular

plate (op) and a reduced rostrum. (C) The reduction of the ocular plate

and rostrum continues in the adult (18-mm c.l.). Scale bar: .A = 2 mm,

B = 2 mm. C = 5 mm.

by an ocular plate, and the rostrum is reduced and

rounded (Fig. 2B). This reduction continues as the ani-

mals mature (Fig. 2C; carapace length 18 mm). Al-

though adults of this species lack the cylindrical eye-

stalk seen in most caridean shrimp, it has been suggested

that the ocular plate (Fig. 2C) is a reduced, flattened

modification of the fused eyestalks of related vent

shrimps (Martin and Hessler, 1990).

Internal structure

"Chorocaris' type. In sagittal sections, the anterior ros-

trum can be seen to extend forward over the anterior eye

(Fig. 3A). The latter is bounded externally by a thin,

unfacetted cornea anteriorly and laterally. However,

where the cornea is opposed by carapace it is covered by

extensive plumose cuticular protrusions. A thin layer of

cells (presumed to be corneagenous cells) is present below

the cornea (Fig. 3C). There are no crystalline cones. The

rest of the eye is doininated by hypertrophied rhabdoms

that fill most of the space between the cornea and the

basement membrane (Fig. 3A. C). The rhabdom layer

extends backward beneath the dorsal carapace of the

cephalothorax without interruption to form the thoracic

eye (Fig. 3A). The rhabdoms in all parts of the system are

lobed. usually x-shaped in cross-section, and not airanged

consistently in either a square or hexagonal aiTay (Fig.

3B). Many of the rhabdoms within the anterior eye point

in an anterior direction, with the result that vertical sec-

tions show rhabdoms with the same shape in cross-section

(Fig. 3B). The rhabdoms in the thoracic eye are more

variable in their arrangement but are usually at right

angles to the carapace (Fig. 3C). Within the photoreceptor

layer, the rhabdoms occupy about 75% of the available

volume. The rhabdoms consist of microvilli that have a

mean diaineter of 0.079 /um (SD = 0.006; n = 20) and

are arranged in alternating layers, both in the anterior eye

(Fig. 3D) and in the thoracic eye (Fig. 3E). The microvilli

are generally at right angles to the rhabdom surface, so

each layer is not necessarily arranged orthogonal to the

adjacent layer, especially in the dorsal eye. The average

density of microvillar membrane was 50.8 fiTiv/fj.m of

rhabdom.

A tapetum formed of reflecting pigment cells (creamy

white in life) lies beneath the rhabdom layer, and the

tapetal cells surround the bases of the rhabdoms (Fig. 4A,

B). The retinular cells contain shielding pigment granules.

Although a few of these granules may be found in the

retinular cell cytoplasm adjacent to the rhabdoms, most

of them are proximal to the photoreceptor nucleus and

the tapetum (Fig. 4A). Lipid droplets are also abundant

in the cells in this region. All of these cellular inclusions

are found in both the anterior and thoracic parts of the

visual system.
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Figure 3. 'Chorocaris' postlarvae (arrows point to Dorsal and Anterior). (A) Sagittal section showing

rhabdoms extending in an almost uninterrupted row around the eye (e) and posteriorly beneath the dorsal

carapace to fomi the thoracic organ (to). The only area in which rhabdoms are missing is where the

connection from the sensory papilla (p) to the brain passes through the rhabdom layer. (B) Vertical section

through the anterior region of an eye showing the x-shaped cross-sections of anteriorly directed rhabdoms.

(C) Rhabdoins (r) in the thoracic organ (seen in longitudinal section) are irregular in shape and extend

almost to the cornea. Electron micrographs of rhabdoms show the typical decapod layered arrangement of

microvilli, both in the anterior eye (D) and in the thoracic organ (E). Scale bars: A = 100 ^m. B = 100

/im, C = 25 /jm, D = 0.2 ^m, E = 0.2 /um.
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Figure 4. 'Chorncaris' postlarvae (arrows point to Dorsal and Anterior). (A) Light micrograph showing

the proximal rhabdom region (r), tapetuni (t). proximal shielding pigment (sp). and the retinular cell axons

(a). (B) Electron micrograph of a rhabdom (r), tapetal cell (t) and proximal shielding pigment (sp). (C)

Posterior to the anterior eye. retinular cell axons (a) pass between the thoracic organ (to) and the lateral

protocerebrum (Ip). (D) The retinular axons eventually project onto the lamina ganglion (Ig) and the medulla

externa (m). Scale bars: A = 25 ^m, B = 0.5 ^m, C = 25 /jm. D = 25 pm.
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The retinular cell projection is modified in 'Choro-

caris' by its distinctive brain morphology. In most deca-

pods with stalked eyes, the optic neuropiles are located

within the eyestalks in optic lobes that form the most

anterior parts of the brain. They form outgrowths of the

protocerebrum and lie immediately behind the eye. where

they are innervated by retinular cell axons that pass di-

rectly through the basement membrane to project to the

underlying lamina ganglion. In 'Chorocaris' postlarvae

the eyestalks are greatly reduced and the optic neuropiles

are within the main body of the protocerebrum. In addi-

tion, the optic lobes do not form the most anterior struc-

ture but are displaced posteriorly by the hypertrophied

lateral protocerebral neuropile region with its associated

cell bodies. It is this protocerebral region that lies immedi-

ately behind the basement membrane of the eyes. Because

the optic neuropiles are displaced, the retinular cell axons

have to travel a considerable distance posteriorly before

reaching the lamina ganglion. Together the axons form a

distinct optic nerve surrounded by neurilemma that is

intimately associated with the basement membrane (Fig.

4C). On entering the protocerebrum, the optic nerve ter-

minates in the lamina ganglion (Fig. 4D).

'Alvinocaris' type. The anterior eye is similar in gen-

eral organization to that of 'Chorocaris'; the rhabdoms

occupy much of the eye, and the crystalline cones are

absent. However, in A. markensis the rhabdom layer does

not extend into the cephalothorax to form a thoracic eye.

The rhabdoms are more regular in outline than in 'Choro-

caris' and are often square in cross-section (Fig. 5A). The

rhabdoms occupy about 62% of the volume of the retinula

cell layer. They point anteriorly over much of the eye

with an interommatidial angle of around 3° (Fig. 5B) and

taper posteriorly, where they are surrounded by seven

retinular cells (Fig. 5C). The rhabdoms show the alternat-

ing, orthogonally orientated rows of microvilli character-

istic of decapod crustacean eyes (Fig. 5E). The microvilli

have a mean diameter of 0.062 ^m (SD = 0.002, n =

20), giving a surface area of 66.7 ^mV/im' of rhabdom.

Occasional rhabdoms show some evidence of rhabdom

breakdown or turnover (Hafner et al., 1980) in the form

of multivesicular bodies and lamellar bodies (Fig. 5F).

Tapetal reflecting pigment, retinular cell shielding pig-

ment, and lipid are present behind the rhabdom layer in

a pattern similar to that seen in 'Chorocaris' . At the back

of the eye, the retinular cell axons combine to form an

optic nerve similar in all respects to that in 'Chorocaris'

(Fig. 5D). Once again, the optic nerve travels posteriorly

alongside the lateral protocerebrum before joining the

brain laterally and terminating in the lamina ganglion.

Type A. Examination of sections of the eye confirms

the external observations that the photoreceptor cells are

localized in the anterior and lateral regions of the eyestalk

(Fig. 6A) and that there is no thoracic eye. In Type A, in

contrast to the other two types of postlarvae, the eyestalk

contains the neuropile layers of the optic lobes and other

anterior protocerebral regions (Fig. 68). Once again, the

retinular cell axons are grouped together to form a distinc-

tive optic nerve. This travels over the surface of the optic

lobes to innervate the lamina ganglion (Fig. 6B). Large

accumulations of lipid droplets are also found within the

eyestalk (Fig. 6A). Unlike the other two species. Type A
has crystalline cone cells in some ommatidia, particularly

towards the posterior end of the eye (Fig. 6A). In this

region the crystalline cones have a fine-grained appear-

ance typical of crustacean eyes, and they abut the layered

rhabdom (Fig. 6C). In anterior ommatidia, the rhabdoms

extend virtually to the cornea, although the remnants of

some indeterminate cells are found distal to the rhabdoms.

The rhabdoms are generally square in cross-section (Fig.

6D) and consist of orthogonally orientated layers of mi-

crovilli (Fig. 6E). The latter have an average diameter of

0.066 iim (SD = 0.003, n = 20). The volume density of

rhabdoms within the photoreceptor layer is about 68%,

with a microvillar membrane area of 61.3 ^m'/firn^ of

rhabdom.

Discussion

Structure of the eye

In comparison with other caridean shrimps, the bresili-

ids described in this paper exhibit a considerable reduc-

tion in most of the structures normally found in the deca-

pod eye (summarized in Fig. 7). The ommatidia of most

decapod eyes each consist of a corneal facet secreted by

two comeagenous cells, a single crystalline cone formed

by four cone cells, eight retinular cells forming a single

rhabdom, and a number of tapetal cells. In the larval vent

shrimps, most of the eye between the cornea and basement

membrane is filled with hypertrophied rhabdoms. As in

other decapods, the bulk of the rhabdom appears to be

formed by seven retinular cells. Although we were not

able to identify an eighth retinular cell in the postlarval

specimens, a distinct R8 cell has been observed in prezoea

larvae of Chorocaris fortunata (Gaten, unpubl. data).

Most of the cornea is thin, apparently contains no internal

lens, and displays an external facet pattern only in Type

A. The mixture of hexagonal and square facets is similar

to that seen in postlarval oplophorid shrimps during the

transformation from apposition to superposition optics

(Gaten and Herring, 1995). Apparently, the zoeal eyes of

all decapods have hexagonal facets (Nilsson, 1983). If

reflecting superposition eyes, with their characteristic

square array of facets, represent the primitive condition

in adult decapods (Gaten, 1998), then remnants of the

square facets might be expected even though these optics
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Figure 5. Alvinocaris postlarvae (arrows point to Dorsal, Lateral, and Anterior). Light micrographs

show the anteriorly directed rhabdoms (r) in vertical transverse sections (A) and in sagittal sections (B) of

the eye. (C) The rhabdoms are generally square in cross-section and are surrounded at their base by seven

retinular cell nuclei (1-7). (D) Posterior to the eye, the axons (a) remain distal to the basement membrane,

still separate from the lateral protocerebrum (Ip). Electron micrographs show the layered appearance typical

of decapod rhabdoms (E), although there is some evidence of rhabdom turnover (F) in the form of multivesic-

ular bodies (mb) and lamellar bodies (lb). Scale bars: A = 250 ^m, B = 50 ^m, C = 10 p,m, D = 100

jim, E = 0.5 /xm, F = 0.5 ^m.
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Figure 6. Type A postlarvae (arrows point to Dorsal, Lateral, and Anterior). (A) In horizontal sections,

the eyestalks show a region of rhabdoms e.xtending over the anterior and lateral regions. Crystalline cones

(c) are present in lateral ommatidia. Lipid (1) fills much of the eyestalk. (B) This cross-section of the

eyestalk shows the presence of lateral protocerebral neuropile (Ip) and lamina ganglion (Ig) below the

basement membrane. (C) Crystalline cones (c) are present in lateral regions of the eye between the rhabdoms

and the cornea. (D) The rhabdoms (r) are generally square in cross-section. (E) An electron micrograph

showing the orthogonal layers of microvilli in the rhahdom. Scale bars: A = 100 fjm, B = 100 ^m, C =

50 ^m, D = 25 ^m, E = 0.2 ^m.
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Figure 7. Semi-schematic diagram summarizing the ommatidial structure of the postlarval shrimps

described. (A) Prezoea of Chorocaris fortunata. (B) Type A lateral ommatidia. (C) Type A anterior

ommatidia. (D) Alvinocaris type. (E) 'Chorocaris' type. The distribution of the rhabdoms in transverse

section is also shown for each type.

are not used in vent shrimps. In some areas of the eyes

of more mature postlarvae, the surface of the cornea bears

plumose protrusions that are presumably related to the

specialized feeding habits of vent shrimps (Segonzac et

ai. 1994). Identifiable crystalline cone cells are absent

except in the posterior regions of the eye of Type A.

Retinular cell shielding pigment is absent from the distal

regions of all the eyes examined but is present proximally

in reduced amounts. A proximal reflecting layer is promi-

nent, consisting of an extensive array of tapetal cells.

An abundance of lipid around the basement membrane

probably contributes to the reflecting layer.

The reduction seen in parts of the ommatidia is mirrored

to some extent within the Oplophoridae, which are consid-

ered to be closely related to the Bresiliidae (Christoffersen,

1990). In the Oplophoridae, eye structure changes with

depth. The ommatidia of species from the upper mesope-

lagic zone, such as Oplophorus spinosus (Land, 1976), con-

tain the full range of cells. Species from deeper water, such

as Acanthephyra pwpurea, have very little retinular cell

screening pigment, and the rhabdoms interdigitate to form

a continuous layer with no optical isolation of rhabdoms

(Gaten et al. 1992). In Hymenodora glacialis, a species

found below the photic zone, the hypertrophied rhabdoms

fill the space between the basement membrane and the

cornea (Welsh and Chace, 1937).

However, a major departure from the usual decapod

pattern is apparent in the position of the optic neuropiles

in 'Chorocaris' and A. markensis postlarvae. The optic

neuropiles are normally located within the eyestalks, be-

tween the eye and the brain. Only in the Type A postlarvae

were the optic ganglia found within the eyestalk, although

the ganglia were displaced ventrally by the presence of

lateral protocerebral neuropile. Compared to the promi-

nent eyestalks of Type A, the eyestalks in the other taxa

are greatly reduced. In the latter cases, the region behind

the eye is occupied by the prominent lobes of the lateral

protocerebrum, and the optic lobes are displaced posteri-

orly. This is similar to the arrangement in Birgus latro.

a species in which the optic lobes are located within the

body of the protocerebrum (Sandeman et ai, 1993). The

function of the protocerebral neuropiles within the ante-

rior lobes of the brain is unknown (Sandeman et al.

1993); in 'Chorocaris' and A. markensis these neuropiles

extend forward into the bases of the sensory papillae lo-

cated on the cornea. The optic neuropiles are often relo-

cated from the eyestalks to the head capsule in the Ano-

mura, Brachyura, and Caridea (Sandeman et al., 1993),

but the ommatidia remain at the extremity of the eye-

stalks. It is the reduction of the eyestalk, bringing the

marginal ommatidia close to the dorsal carapace of the

cephalothorax, that allows the ommatidia to extend back-

wards to form the thoracic organ.

The main difference between the postlarval eyes de-
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scribed here and the thoracic eyes described in pubHshed

accounts of the genera Rimicans and Chorocahs concerns

the appearance of the rhabdoms. The eyes of postlarval

Type A and A. markeiisis have the orthogonal layers of

microvilli typical of most decapod rhabdoms, with all

of the microvilli closely packed and of similar diameter

(ranging from 0.062 to 0.067 /jm). In 'Cliorocaris' post-

larvae, the microvilli are larger (about 0.079 ^m in diame-

ter) and, although the rhabdoms lack the regular orthogo-

nal arrangement of the layers, the individual microvilli

are neatly packed. In contrast, the rhabdoms of the adult

eyes described so far (O'Neill et al.. 1995: Nuckley et

al.. 1996; Lakin et ui. 1997; Kuenzler et al.. 1997) con-

tain larger microvilli (0.09 to 0.12 pm in diameter) that

generally lack the orthogonal layering and often show

vesiculation towards the edge of the rhabdoms. This un-

usual appearance of the rhabdoms could reflect some de-

generative process occuning in the adults or it could indi-

cate light-induced damage. In deep-sea species, .short ex-

posures (as little as 10 s) to daylight can initiate

irreversible damage. Although the full morphological im-

pact is not seen for 24 h or more, changes in rhabdom

structure are detectable within minutes of exposure (Shel-

ton et al.. 1985). If the searchlights employed by the

submersible had initiated such damage, the rhabdoms of

animals fixed at the surface might show some structural

changes. To resolve this question, it is clearly necessary

to obtain adult shrimp that have not been exposed to

excess light to compare directly with the postlarval rhab-

doms described here.

The volume density of rhabdoms within the retinular

cell layer varies from 62% in Alvinocaris markersis to

75% in 'Chorocaris' . Similar values— ranging from 60%

in Chowcaris chacei (Lakin et al.. 1997) to 85% in Riini-

caris sp. (Nuckley et al.. 1996)—were recorded for adult

vent shrimps. The smaller microvillar diameters and tight

packing seen in the postlarval shrimps produce a larger

surface area of photosensitive membrane (per unit volume

of rhabdom) than has been recorded in the adult shrimps.

The values for 'Chorocahs' (50.76 ^.nrV^m'), Alvino-

caris markensis (66.66 /vnr/^m'), and Type A (61.34

^m'l^inv) are all higher than the values of 30.7 ytrvrljjrn

for adult Chorocaris chacei (Lakin et al.. 1997) and 40.3

Ijnvl^m- for adult Rimicaris sp (Nuckley et al.. 1996).

Nevertheless, the total volume of the rhabdoms is much

smaller in the postlarval shrimps than in the adults, mak-

ing it unlikely that the .sensitivity of the eye is any greater

in the postlarval shrimps than in adult Rimicaris exoculata

(Pelli and Chamberlain, 1989).

Optics

The image in decapod eyes is normally focused by the

cornea with its internal lens and by the crystalline cone

{e.g.. Gaten, 1994). In the eyes of vent shrimps, the crys-

talline cone is absent in all but the smaller postlarval

stages, and the cornea is thin and appears to lack an

internal lens. Although there is no mechanism for forming

a focused image, there may be some directional sensitivity

due to the optical isolation of individual rhabdoms. In

deep-sea oplophorids such as Acanthephyra purpurea, the

rhabdoms interdigitate and are contiguous (Gaten et al,

1992), so there can be no optical isolation of the omma-

tidia. In the eyes oi Alvinocaris markensis postlarvae, the

anteriorly pointing rhabdoms in the anterior eye have an

inter-ommatidial angle of about 3° and are separated from

one another by a layer of cytoplasm. As a result, any

incident rays at angles up to 12.5° from the ommatidial

axis will be retained within the rhabdom, assuming that

the refractive indices of the rhabdoms and the surrounding

retinular cells are similar to those of other decapods (e.g.,

Gaten, 1994). The presence of reflecting and shielding

pigments behind the rhabdoms may contribute to optical

isolation of the rhabdoms. Although most deep-sea crusta-

ceans retain the capacity for all-round vision, the orienta-

tion of the rhabdoms in a single dnection (anteriorly in

Alvinocaris markensis and dorsally in Rimicaris exocu-

lata) is not unique. Most common, however, when crusta-

cean eyes are highly directional (Land et al.. 1979; Land,

1989) is that the visual systems are specialized for upward

vision in specimens found at the limit of the downwelling

irradiance. Similarly, the presence of highly directional

eyes in A. markensis and R. exoculata suggests that they

are specialized for detecting dim light sources from ante-

rior or dorsal directions respectively.

Although the lack of sophisticated optics suggests that

image formation is not particularly important in vent

shrimps, any directional .sensitivity is likely to be relevant

to their behavior. The hydrothermal vents are located well

below the depths to which light penetrates, but it has been

suggested that vent shrimps may be able to see the black-

body radiation associated with the heated plumes (Van

Dover et al.. 1989, 1994; Pelli and Chamberlain, 1989).

The relative development of the anterior and thoracic eyes

suggests that the vent shrimps may rely on visual cues to

maintain their orientation with respect to the vent. Postlar-

val specimens seeking a vent site may be aided by the

possession of anteriorly directed rhabdoms. After settle-

ment, the developing stages of Rimicaris exoculata lose

the separate corneas of the anterior eyes, whilst the tho-

racic eye becomes more prominent in the adult. The adults

of this species swarm around the base of the vent chim-

neys, and the presence of only thoracic eyes suggests that

these organs are used solely to view the light emitted

from the vent (Van Dover et al.. 1989, 1994). In contrast,

the other genera are less dependent on the vents (Segon-

zac et al.. 1994) and so do not rely solely on the thoracic
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organ for location of, and orientation toward, the vent.

An alternative explanation may be that the species with

more prominent anterior eyes are those that do not form

dense swarms, whereas species such as R. exoculata.

whose anterior ends are buried under swarms, rely on

dorsal eyes (S. Chamberlain, pers. comm.).

The presence of orthogonal layers of microvilli in deca-

pod rhabdoms is generally associated with the analysis

of polarized light. Such an arrangement was found in the

Type A and Alvinocaris markensis postlarvae, although

in the 'Chorocaris' postlarvae the arrangement of layers

was less regular. Such differences may be depth-related,

or they may be associated with the development of the

shrimps. In oplophorid shrimps, sensitivity to polarized

light may be present in animals from the upper mesope-

lagic zone, but absent in those active under aphotic condi-

tions (Gaten et al., 1992). This would imply that the

early postlarvae were living at shallow depths where the

analysis of polarized light would be advantageous. Unfor-

tunately we have no information about the depths at which

the early developmental stages are found, although all of

the postlarvae in this study were caught in the same depth

range (2000 m to 3050 m). Alternatively, it may be that

all larval and postlarval decapods have orthogonal lay-

ering of the rhabdoms. but that it is lost in the later stages

of species for which the analysis of polarized light confers

no advantage.

Life history

One of the most intriguing questions concerning vent

shrimps is how they maintain a viable population at an

existing vent while employing a dispersal strategy that

enables them to locate and colonize new vent sites. The

eggs are microlecithal, and they hatch at the zoeal stage

with apposition eyes (P. J. Herring, unpubl. obs.). In con-

trast, the zoeal stages of shrimps with macrolecithal eggs

are completed within the egg. and the eye of the newly

hatched postlarva is capable of using superposition optics

(Gaten and Herring. 1995). Through the generosity of Dr.

M. Segonzac (IFREMER), we obtained prezoeas of the

related Chorocaris fortunata from eggs about to hatch.

The eyes of these very late embryos have crystalline cones

(Fig. 7) and appear to be capable of using apposition

optics (supported by recent observations on laboratory-

hatched first zoeas: P. J. Herring, unpubl. data). This find-

ing suggests that these shrimp could have passed through

their early developmental stages in a photic environment;

furthermore, there is some evidence that the lipid distrib-

uted throughout the bodies of the shrimps is of planktonic

origin (Dixon and Dixon, 1996). The fact that the eyes

of the Type A postlarvae described here have crystalline

cones suggests that they, too, may have spent their early

life history in the photic zone. Although we have no

definitive evidence, we postulate that the postlarval

shrimps were returning to vent sites following a plankto-

trophic zoeal phase.

In view of the large distances involved and the diffi-

culties inherent in locating a vent site, it seems likely that

the sense organs of postlarval vent shrimps are adapted

for the detection of vent sites, whether by sensing light,

temperature, or sulfide concentration. It has been sug-

gested that the eyes of postlarval shrimps are primarily

concerned with assembling the large array of photorecep-

tors found in the eyes of the adult (S. Chamberlain, pers.

comm.). However, the optically isolated and anteriorly

pointing rhabdoms in the anterior eye imply that it is

adapted to enhance directional sensitivity, whilst the re-

duced optics are typical of the eyes of animals that need

to maximize sensitivity at the expense of resolution. We
suggest that the eye of the postlarval vent shrimp func-

tions as an extremely sensitive and highly directional pho-

toreceptor, adapted to detect quanta emitted from a hydro-

thermal vent.
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Abstract. Embryonic levels of retinoic acid (RA) and

the response of cells to RA are critical to the normal

development of vertebrates. To understand the effects of

RA signaling in Fundulus heteroclitus, we exposed em-

bryos to a range of RA concentrations for 2 h during

gastrulation. Embryos exposed to low concentrations of

RA (10"'°- 10"' M) develop normally, whereas those ex-

posed to higher concentrations (5 X 10 '-10"^A/) de-

velop characteristic dose-dependent defects. We describe,

in detail, four stages of development that represent mor-

phological effects of RA on (1) cell death and defects in

the brain, heart, and eye, (2) relative size and differentia-

tion, (3) duphcations of pectoral fins, and (4) deletions in

craniofacial cartilage elements. Analysis of cartilaginous

skeletal elements demonstrates distinct patterns of dele-

tions in the neurocranium and pharyngeal skeleton in re-

sponse to increasing concentrations of RA. In F. hetero-

clitus, RA treatment during gastrulation results in five

highly consistent phenotypes, which we have incorpo-

rated into an index of embryonic RA defects. This index

should be valuable in the genetic analysis of RA pathways

and in evaluating chemicals that interfere with embryonic

RA signaling.

Introduction

Retinoic acid (RA), a derivative of vitamin A, is re-

ported to be an important signaling molecule that plays

Received 18 September 1997; accepted 13 February 1998.

* Author to whom correspondence should be addressed. E-mail:

smithde@ashley.cofc.edu

a crucial role in establishing anterior-posterior patterning

in vertebrate embryos (for review see Means and Gudas,

1995). Endogenous RA has been detected in many verte-

brate organisms (Durston et ai, 1989; Chen et al., 1992:

Hogan et ai, 1992) including Xenopus laevis. in which

developing embryos exhibit a gradient of RA (Chen et

ai, 1994). RA binds to receptors that are members of a

large superfamily of steroid and thyroid hormone binding

receptors (Lohnes et ai, 1995). RA and the receptors then

recognize DNA response elements that influence gene

expression by promoting or inhibiting transcription (Mar-

shall et ai, 1994; Zilliacus et al., 1995). Developmental

target genes include Hox genes (Langston and Gudas,

1992; Studer et al.. 1994; Lohnes et al., 1995), which

impart important anterior-posterior positional information

along the axis of the developing embryo (Kessel and

Gruss, 1991; Kessel, 1992; and Krumlauf, 1994).

The distribution of RA in the embryo is heterogeneous

and the concentration is both limiting and critical because

patterning defects can be induced by both RA excess

(Holder and Hill, 1991) and RA deficiency (Schuh et al.,

1993). Embryos respond to RA in a dose-dependent and

stage-specific manner (Durston et ai, 1989; Sive et al.,

1990; Holder and Hill, 1991; Wood et al., 1994). The

sensitivity of vertebrate embryos to RA is well docu-

mented in mouse (Wood et al., 1994; Leonard et al..

1995), Xenopus (Durston et ai, 1989; Minucci et al..

1996; Sive et ai. 1990), chicken (Gale et ai. 1996), and

zebrafish (Holder and Hill, 1991; Stainier and Fishman,

1992; Hill et al., 1995). Exposure of zebrafish embryos

to RA during gastrulation results in deletions of the mid-

brain-hindbrain border regions; defects in the eye, retina.

281
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and heart; deformities of the tail; and abnormaHties in the

cartilaginous skeletal elements of the head (Holder and

Hill, 1991; Stainier and Fishman. 1992; Alexandre et ai.

1996). Administered later in development, exogenous RA
can disrupt the patterning of the fin (Akimenko and Ekker,

1995). In chicken and quail embryos, application of RA
to the anterior of a limb bud often results in a mirror-

image duplication of digits (Tickle, 1995; Tabin. 1995).

This suggests that a delicate balance of RA is critical to

the proper patterning of embryonic structures and that

disruption of this signaling pathway results in a variety

of skeletal and anatomical malformations.

In vertebrates, much of the head skeleton is derived

from neural crest precursors that migrate into the pharyn-

geal arches from the midbrain and specific rhombomeres

of the hindbrain (Langille and Hall, 1988, 1993). Specific

populations of neural crest cells that contribute to the

skeletal elements in the head have been identified in map-

ping studies (Couly et ai. 1993; Schilling and Kimmel,

1994). Among different vertebrates, the similarities of

neural crest contributions to skeletal elements suggests

that the patterning mechanisms that direct these cells are

also well conserved (Koentges and Lumsden. 1996; Schil-

ling and Kimmel. 1994; Noden, 1975). The molecular

mechanism by which the craniofacial skeleton is patterned

is not fully understood. However, interactions between

rhombomeric segments of the hindbrain. neural crest

cells, and branchial arches are thought to be influenced

by overlapping expression domains of Hox genes; more-

over, the anterior-posterior patterning of the head is regu-

lated by a Hox code in the branchial region (Hunt et ai.

1991) that may be influenced by endogenous RA.

In this study we exposed F. heteroclitus embryos to a

range of RA concentrations during gastrulation, and we

describe defects in the treated embryos as they appear at

four distinct developmental stages. In other species, a

large variation of phenotypes is produced in response to

a single RA concentration (Holder and Hill. 1991; Mar-

shall et al. 1992). but the protracted development of F.

heteroclitus has allowed for the selection of highly syn-

chronous embryos that respond more uniformly. We show

that disruption of endogenous levels of RA during gastru-

lation results in deletions of the midbrain-hindbrain bor-

der region and. at higher concentrations, to deletion of

the eyes, shortening of the trunk, and duplications of the

pectoral fins. Analysis of cartilage in these embryos sug-

gests that RA differentially affects the patterning of sub-

populations of neural crest cells and the formation of

specific cartilage elements, resulting in very different pat-

terns of deletions in the neurocranium and the pharyngeal

skeleton.

Bent body axes, fin defects, heart defects, eye malfor-

mations, and craniofacial defects are common in fish em-

bryos that have been exposed to heavy metals and other

xenobiotics during gastrulation (Weis and Weis, 1977;

Sharp and Neff. 1980, 1985; Weis and Weis, 1989). These

defects are similar to those induced by RA excess or

deficiency, suggesting that xenobiotics may interfere with

embryonic RA signaling pathways. Therefore, one objec-

tive of this study was to utilize F. heteroclitus— an estua-

rine species widely used in toxicity studies— as a model

with which to establish an index of defects that occur in

response to disruption of RA signaling. The index we

describe should therefore help identify and evaluate the

sensitivity of embryos to the effects of xenobiotics on

RA-regulated pathways.

Materials and Methods

In vitro fertilization ofF. heteroclitus

Adult fish were captured from a Spartina marsh adja-

cent to the Grice Marine Biological Laboratory, Charles-

ton, South Carolina. Fish were anesthetized with 1.5 X
10 * A/ 3-aminobenzoic acid ethyl ester (MS-222) in fil-

tered seawater. Eggs were collected from gravid females,

in a dry dish, and then fertilized with 15 ytX of sperm

activated in 20 ml of filtered seawater. Eggs were then

rinsed (15 min post-fertilization) and incubated in a moist

chamber at 25°C. Only embryos that showed normal cell

cleavage were used experimentally. At 10 days post-fer-

tilization, the eggs were immersed in filtered seawater,

which initiated hatching.

Staging series of F. heteroclitus

Embryos from //; vitro fertilizations (about 100-300

eggs/fertilization) were raised at 25°C, a temperature rele-

vant to the warm coastal waters of South Carolina. Their

development was recorded and characterized from before

fertilization until 2 days after hatching (12 days post-fer-

tilization). Observations of anatomical features at differ-

ent stages were compared with descriptions produced by

Armstrong and Child (1965), Oppenheimer (1937), and

Solberg (1938), and a staging series at 25°C was con-

structed.

Retinoic acid treatment

Stock solutions of 2 X 10 " M were made in dimethyl

sulfoxide (DMSO) from all-rra/!i-retinoic acid (Sigma

Chemical Co.) and stored at -20°C. Experimental con-

centrations were prepared by serial dilution with filtered

seawater (FSW). Embryos at 50% epiboly (from in vitro

fertilizations; stage 17, 21.5 h post-fertilization (hpf) at

25°C) were exposed to concentrations of RA ranging from

10 '"M to 10 *M for 2h in the dark. DMSO control

embryos were exposed to 0.1% DMSO in FSW, and un-

treated control embryos were incubated in FSW. All em-

bryos were then rinsed for 10 min several times with large
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Comparison of emhiyonic development at 20°C' and 25°C
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Figure 1. At stage 25, embryos exposed to retinoic acid (RA) during gastrulation show defects in the

developinent of head structures. Control embryos (A) and embryos treated with low concentrations of

RA— 10 '"yW (B), 10"' M (C). 10** M (D), and 10 "A/ (E)— form an expanded telencephalic ventricle

(tv. A and E) in the forebrain. optic tecta (ot) in the midbrain, and a well-developed hindbrain (hb). Embryos

treated at gastrulation with 10"" M RA (F) show defects in the eyes (arrows), telencephalon (t). and midbrain

(asterisk). At 10 'M (G). the telencephalon (t) and the eyes (arrows) are obscure. Note that the position

of the hindbrain (hb, E. F, and G) assumes a progressively more anterior position. Cell death is indicated

by black arrowheads (F, G, and H). Anterior is to the top. Scale bar = 200 /jm.

head. Fig. IF). Although not .shown in Figure IF. heart

defects range from complete deletion of the heart to the

development of a small, thin, tube heart. In those treated

embryos that have a heart, circulation is not observed,

even though cardiac contractions occur. Pericardial edema
extends anteriorly over a large portion of the yolk, and

blood cells pool in islands at the tip of the tail. The

overall embryonic axis is slightly truncated, but muscular

movements occur, and tails are often curled at the tips

and are partially detached from the yolk.

1 X 10 - M RA. Embryos exposed to 10"' M RA show

additional anterior head defects (Fig. IG). Portions of the

forebrain region and telencephalon (t) are present, but no

telencephalic ventricle forms. The optic cups are ambigu-

ous (arrows), and the midbrain-hindbrain border region

is absent. The hindbrain (hb) lies immediately posterior

to the forebrain region, and cell death is evident in the

hindbrain region and along a posterior region of the trunk

(black aiTowhead). Large pericardial edemas occur; the

heart is deleted; and blood cells pool at the tip of the tail,

which is still attached to the yolk (not shown). Although

the embryo is truncated, muscular contractions occur.

/ X 70"' M RA. Embryos exposed to lO""*M RA show

few forebrain and eye structures (asterisk. Fig. IH). The

embryonic axis is twisted and exhibits extensive degener-

ating white-opaque cells (black arrowheads). Muscular

contractions of the trunk do not occur in the embryos at

this stage. The heart is absent, but there is a large pericar-

dial cavity, and blood cells are pooled posteriorly at the

base of the tail.

Stage 29: Effects on relative .s/'cf and differentiation

1 X 70"* M RA. At stage 29 (Fig. 2) the embryonic

head in control embryos has grown considerably; mea-

surements of the area of the head indicate an enlarcement
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Figure 2. Dorsal views of stage 29 embryos show the et't'ects ot retinoic acid (RA) on relative s\/x

and head development. In control embryos (A) and embryos exposed to low concentrations of RA

—

10 '"/W (B), 10"^ M (C). W M (D). and 10"' M (E), the eyes are lightly pigmented (arrows. A and E)

and the telencephalic ventricle (tv. A and E) and optic tecta {ot. E) anterior to the hindbrain (hb, A and E)

has expanded. Embryos exposed to 10"'' M RA lack retinal pigment in the eyes (arrows, F). show abnormali-

ties of the brain (asterisk. F) anterior to the hindbrain (hb. F), pectoral fin development (arrowhead. F),

and an expansion of the visceral cavity (bracket, F). At 10^ AY RA embryos show abnormal pectoral fin

development (arrows, G), and have severe malfomiations in the forebrain (fb. G). and an expanded visceral

cavity (bracket, G). At 10"' M RA exposure, embryos consist only of a thin trunk (tr, H). Antenor is to

the top. Scale bar = 200 fj.m.

greater than 3.5-fold between .stages 25 and 29. The telen-

cephalic ventricle (Fig. 2A. tv) of the forebrain ha.s wid-

ened, the eyes are pigmented (arrows), and the optic tecta

(ot) have enlarged posterior to the eyes. Embryos exposed

to low concentrations (
10"^- 10 "'A/) of RA (Fig. 2B-E)

are morphologically normal. In contrast, embryos treated

with 10" Af RA have optic cups that are malformed and

rotated anteriorly (arrows, Fig. 2F). The head has enlarged

only 2.5-fold over stage 25 embryos. The optic tecta are

greatly reduced (asterisk), and the hindbrain (hb) region

is shifted anteriorly. The visceral cavity is expanding and

appears to be proportionately larger than in control em-

bryos (bracket. Fig. 2F). Other defects also occur in ein-

bryos (not shown). The otocysts contain smaller otoliths,

and they are irregular in shape; the heart tube is attached

by a thin strand of cells to the pericardial wall: and blood

cells pool on the ventral side of the embryo at the level

of the hindbrain and along the length of the tail. The

pectoral fins of control embryos develop just posterior to

the vitelline veins, whereas the pectoral fins in RA-treated

embryos are posterior and lateral to the otocysts and are

slightly smaller (arrowhead. Fig. 2F). In all embryos, fre-

quent muscle movements occur, and the small, bilobed

urinary bladder is developing at the base of the trunk

where it is attached to the yolk sac.

/ X 70 ' M RA. Embryos exposed to 10 - M RA (Fig.

2G) lack well-defined eyes and are missing large portions

of the midbrain. From stage 25 to stage 29, the area of

the head increases only 1.3-fold, reinaining similar to that

of a stage 25 embryo (compare Figs. 2G and IG). The

visceral cavity is abnormally large relative to the size of

the head and trunk, and it covers much of the yolk

(bracket). The gut, however, appears normal. A small

portion of the forebrain may be present (fb), and some

embryos may develop lenses and retinal pigment (not

shown). Lenses, in some cases, lie freely exposed on the

anterior of the head (not shown). The hindbrain (hb) de-

velops just posterior to any retinal tissue, but the otocysts

have been deleted. The pectoral fins develop in an extreme

anterior position, such that they are almost lateral to any

retinal tissue. Furthermore, the fin structure is abnormal,

appearing as thin columns of tissue that extend laterally

from the trunk (arrowheads. Fig. 2G). The length of the

embryonic axis has increased and. in some embryos, the

tip of the tail has detached from the yolk where the small,

bilobed urinary bladder is developing (not shown). Blood
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Figure 3. At stage 37. dorsal views of control larvae (A) and larvae exposed at gastrulation to low

conceiitrationsof retinoic acid (RA)— 10""'A/(B). XO'" M (C). 10"* M (D). and 10 ' M (E)— show well-

developed eyes (arrows. A and E) and pectoral fins (arrowheads, A and E). Larvae exposed at gastrulation to

lO^^MRA (F) show anterior and ventral rotation of the eyes (arrows), normal Hn development (arrowheads),

pencardial edema (pe). and shortened trunks and curled tails (asterisk. F). At \0^' M RA. larvae display

multiple pectoral hns (arrowheads. G). a heavily pigmented trunk (tr). and curled tail (asterisk. G). A lateral

view of a larva treated at lO""* M RA (H) shows a shortened trunk (tr) atop the yolk. Anterior is to the top

(A-G) and to the left (H). Scale bar = 200 /jm.

cells are pooled around the urinary bladder, and muscular

contractions occur in the trunk, but not as frequently as

in the control embryos.

1 X lO"" M RA. Embryos exposed to 10"^ M RA (Fig.

2H) lack obvious head structures and appear only as a

thin trunk (tr) set on an expanded visceral cavity and gut.

Pectoral Hns are absent. The urinary bladder is surrounded

by blood cells at the base of the trunk where the bladder

meets the yolk sac (not shown). Muscular movements

occur in some embryos, and a small, stubby tail projects

from the trunk (not shown).

Stage 37: Multiple fin phenotypes

1 X 10^'' M RA. At stage 37, controls and larvae that

have been exposed as gastrulae to 10 '" to 10^^ M RA
are normal in appearance (Fig. 3A-E) and can be induced

to hatch at 10 days post-fertilization. Embryos exposed

to greater concentrations of RA do not hatch but survive

for an extended period. These larvae are smaller and retain

a large volume of yolk (compare Fig. 3A-E with 3F-

H). Embryos exposed to 10 ''M RA develop into larvae

with smaller than normal eyes that display more ventral

and anterior rotation than the controls (an'ows. Fig. 3F).

The pectoral Hns. however, approximate normal size (ar-

rowheads, compare Fig. 3A and F) and exhibit a high

rate of motor activity. Control larvae and larvae of em-

bryos treated with low concentrations of RA (10
'"-

10"' M) possess a functional mouth (m. Fig. 3A and E)

and jaw, and exhibit rapid opercular movements. The

mouths of larvae treated with 10"" M RA as embryos are

small and are tucked underneath the forebrain and against

the yolk or a large pericardial edema; it is unclear whether
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the mouths are functional. The tails are short and curled,

and do not exhibit fin development (asterisk. Fig. 3F).

Not shown in Figure 3F, the otocysts are irregular in size

and shape and are just posterior to the eyes. This is proba-

bly due to the midbrain-hindbrain deletion, which causes

an anterior shift of the otocysts. The visceral cavity has

expanded laterally, and internal organs have developed.

The heart, usually located ventrally at the level of the

operculum, is contractile but smaller and lies anterior

to the gut in a large, balloon-like pericardial edema

(pe. Fig. 3F).

1 X 10'^ M. Exposure to 10 "^ M RA at gastrulation

results in larvae that lack most of the forebrain, midbrain,

and hindbrain (Fig. 3G). The most prominent feature of

these larvae is the development of multiple pectoral fins

(arrowheads, Fig. 3G). The supernumerary fins often

show a variation in phenotype. Some larvae have two to

three pairs of well-developed fins that are often overlap-

ping and move independently of one another (arrowheads.

Fig. 3G). Other larvae have more extreme fin phenotypes:

i.e., small stubby fins that are fused by soft tissue at

the base of the pectoral girdle. Detailed analysis of the

multiple-fin phenotype has been described elsewhere

(Vandersea et ai. in press). The body axis is shortened

and the trunk is wide (tr. Fig. 30); some larvae possess

a small, curled tail (asterisk. Fig. 3G) but no ventral,

dorsal, or caudal fins. Lenses often lie freely exposed in

the anterior head region of the larvae (not shown). The

visceral cavities and gut are greatly expanded over the

yolk sac. These larvae live for as long as 22 days post-

fertilization.

1 X 10 -'M RA. Larvae exposed to 10 -"jW RA (Fig.

3H) are very susceptible to bacterial or fungal infections,

and about 50% die between stages 29 and 37; but others

live for as long as 15 days. In these larvae the tail, pectoral

fins, and all of the anterior head structures are absent. A
larva viewed laterally (Fig. 3H), rather than dorsally,

shows that the trunk (tr) is largely intact. The gut and

other internal organs have formed in the visceral cavity,

and some larvae possess the remains of a tail, which

protrudes as a small stump from the trunk (not shown).

The trunk exhibits muscular movements.

Stage 39: Craniofacial and pectoral fin cartilage

defects

To determine the effects, at gastrulation, of increasing

concentrations of RA on cartilage patterning in the head

and fins, larvae were stained with alcian blue at stage 39

(Fig. 4). Camera lucida drawings of the stained larvae

were used to aid in the analysis of cranial cartilage and

pectoral girdles. For clarity of presentation, we have de-

picted the elements that make up the braincase as the

neurocranial cartilage (Fig. 4E-H), whereas those ele-

ments derived from the seven pharyngeal arches (the man-

dibular, hyoid, and five branchial arches) and from the

pectoral girdle are presented as the pharyngeal-pectoral

cartilage (Fig. 4I-L). The identification of cartilage ele-

ments was based on comparative descriptions of skull

development (de Beer, 1937) and on skull development

in medaka (Langille and Hall, 1987) and zebrafish (Cub-

bage and Mabee, 1996; Schilling and Kimmel. 1997).

Abbreviations used in labeling the cartilaginous elements

in Figure 4 are listed in Table II (abv). Alcian blue stain-

ing of larvae treated during gastrulation with increasing

concentrations of RA reveals an overall reduction in the

development of cartilage in the head (compare Fig. 4A-
D) consistent with the descriptions of the anatomical ef-

fects of RA at the earlier stages described above.

At stage 39 in the normal neurocranium (Fig. 4E), the

ethmoid plate (ep) joins the lamina orbitonasalis (lo) and

trabeculae (t). The epiphyseal bar (eb) joins both the ante-

rior and posterior orbital cartilage (ao, po). Posteriorly,

the parachordals (pc) form the base of the neurocranium

and fuse with the hypophyseal plate (hp) joining the polar

cartilage (pi) with the auditory capsules (ac). Embryos

exposed to 5 x 10 ' M RA develop (as larvae) a neuro-

cranium that contains all the normal cartilage elements,

but is reduced in size (compare Fig. 4E and F). In some

cases, the hypophyseal and polar cartilage are slightly

malformed (hp and pi. Fig. 4F). Embryos exposed to

10 *" M RA develop a neurocranium that lacks an epiphy-

seal bar, as well as anterior and posterior orbital cartilage

(Fig. 4G). Notice that the lamina orbitonasalis and trabec-

ulae are only slightly smaller than normal, and the eth-

moid plate is present. Furthermore, these elements de-

velop in a more ventral position, close to the level of the

pharyngeal skeleton. The posterior neurocranium devel-

ops similarly in size and organization in embryos exposed

to either 5 X 10 'M RA or 10"A/ RA (compare Fig.

4F and G). Embryos treated with 10"' M RA develop

only one neurocranial element— the parachordals (pc,

Fig. 4H), which form the posterior base of the neurocra-

nium at the anterior end of the notochord (nc. Fig. 4D).

The pharyngeal-pectoral cartilage at stage 39 (Fig. 41)

consists anteriorly of Meckel's cartilage (mc) which artic-

ulates with the pterygoid (p). the quadrate (q), and the

hyosymplectic (hs) to form the jaw. In the gill region,

the basihyal (bh) and ceratohyals (ch) lie anterior to the

centrally located basibranchials (bb) and the three pairs

of hypobranchials (hb). Within the branchial arches, five

pairs of ceratobranchials (cb) he ventrally to four paired

epibranchials and the pharyngobranchials (not shown).

The coracoscapulae (cs) and the proximal radials (pr)

compose the pectoral girdle.

Larvae of embryos treated with 5 x 10 'M (Fig. 4J)

and 10" M RA (Fig. 4K) do not develop the major carti-

lage components of the jaw. Although small cartilaginous
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10"^M 10 "^M

Neurocranial cartilage

H

Pharyngeal/Pectoral cartilage

cb2-5

L

Figure 4. Light micrographs of alcian blue staining (A-D) and camera lucida drawings (E-L) of

cartilage elements at stage 39. The figure shows the cartilage elements of control larvae (A. E. and I) and

larvae of embr>os exposed to retinoic acid (RA) at 5 x 10 ' M (B. F. and J), 10" M (C. G. and K). and

10'^ M (D, H. and L). Camera lucida drawings, which depict a dorsal view of the neurocranial cartilage

(E-H) and a ventral view of pharyngeal/pectoral cartilage (1-L), show a progressive loss and malformation

of cartilage to increasing concentrations of RA. Abbreviations for cartilage elements are listed m Table II,

nc = notochord. Anterior is to the top. Scale bar (A) = 200 /jm (A-D) and (E) = 200 ^m (E-L).

elements that could represent Meckel's cartilage (question

marks. Fig. 4K) are often present, the morphological char-

acteristics of these elements are incomplete, so positive

identification is difficult. The basihyal, ceratohyals. and

basibranchials are present but shorter and thicker (Fig. 4J

and K): moreover, the number of ceratobranchials and

hypobranchials that develop may vary. In less extreme

cases anterior ceratobranchials are deleted (Fig. 4J and K).

but the posterior elements develop. In the most extreme

phenotypes. the ceratobranchials and hypobranchials do

not form. The order of the ceratobranchials is distin-

guished by their associations with the hypobranchials,

their position relative to the pectoral girdle cartilage

(which develops normally), and the presence of pharyn-

geal teeth on the fifth ceratobranchial. At both concentra-

tions of RA the epibranchials and pharyngobranchials are
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Table II

Analysis of relinoic acid effects on cartilage fonnation in the head and pectoral girdle

Concentration of retinoic acid

Ongin Skeletal element Ahv' 5 X 10 ' M 10-" A/ 10-' M lO-'M

Neural" Crest Mandibular

Arch

Hyoid Arch

Branchial Arches

Neurocranium

Non-Neural" Crest

Pectoral Girdle

Quadrate (q)

Pterygoid (p)

Meckel's (mc)

Hyosymplectic (hs)

Basihyal (bh)

Ceratohyals (ch)

Epibranchials —
Pharyngobranchials —
Basibranchials

Hypohranchials

Ceratobranchials

Ethmoid plate (ep)

Lamina orbitonasahs (lo)

Trabeculae (t)

Epiphyseal bar (eb)

Anterior orbital (ao)

Posterior orbital (po)

Polar cartilage (pi)

Hypophyseal plate (hp)

Auditory capsule (ac)

Parachordals (pc)

Coracoscapulae (cs)

Proximal radials (pr)

P

P

M
P

P

P

M/A
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Figure 5. Illustrations of live larvae corresponding to the five retinoic acid (RA) index levels (RAI 1
-

5). Stage 37 larvae are representative of RAI 1 (A), and larvae with increasing severity of defects due to

RA exposure at gastrulation are shown for RAI 2 (B). RAI 3 (C), RAI 4 (D). and RAI 5 (E). Inset (D)

shows the variation of duplicated pectoral fins of RAI 4. Arrowheads denote pectoral fins. Dorsal views

are shown in A-D and a lateral view in E. Antenor is to the left. Scale bar (A) = 400 jim.

An index of retinoic acid defects

Larvae of F. heteroclitus that were exposed at gastrula-

tion to a range of RA concentrations exhibit five distinct

phenotypes. We have incorporated these phenotypes into

an index of RA defects (RAI). Larvae representative of

each level of the index are illustrated in Figure 5 and

described (on the basis of morphological observations and

alcian blue staining of cartilage) in Table IIL

Briefly, RAI 1 represents larvae that are morphologi-

cally normal and contain all head and pectoral fin cartilage

(Fig. 5A and Table III). RAI 2 larvae show partial dele-

tions of the midbrain-hindbrain border region, with

slightly curved tails, normal pectoral fins, and deletions

of the cartilage that form in the jaw and anterior gill

arches (Fig. 5B and Table III). RAI 3 larvae show addi-

tional deletions of structures in the forebrain and mid-

brain-hindbrain border region, severe truncation of the

axis, expansion of the visceral cavity, a thin tubular heart.

and malformations of the cartilages of the neurocranium

and anterior gill arches (Fig. 5C and Table III). The most

obvious characteristic of RAI 4 larvae is the development

of multiple fins, which can range from fully independent

pairs of pectoral fins (arrowheads. Fig. 5D) to stubby,

malformed pairs of fins (arrowheads. Fig. 5D, inset). RAI

4 larvae also lack forebrain and midbrain-hindbrain bor-

der structures and most of the craniofacial cartilage. RAI

5 larvae consist of a muscular trunk with a well-formed

gut, but no cartilaginous elements (Fig. 5E and Table III).

To determine whether the phenotypes reflected in the

RAI are dependent on the concentration of RA to which

the embryos are exposed, we scored 1452 embryos from

seven RA experiments and compared the RAI with the

level of RA exposure (Fig. 6). Between 97% and 98% of

control embryos, DMSO-treated embryos, and embryos

exposed to 10"' M RA have an RAI of 1 (Fig. 6, RAI 1).

Figure 6 also shows that each exposure concentration

between 5 X 10"' and 10""* M RA exhibits a dominant
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Table III

291

Retinoic acid index

Index level Description'

RAI 1 Larvae appear normal; craniofacial cartilage identical to untreated control embryos.

RAl 2 Partial deletions and distortions of midbrain/hindbrain border region (MB/HB); eyes slightly closer together; axis slightly truncated;

heart smaller with pericardial edema, otocysts slightly closer to MB/HB; tail slightly curied; deletions of the quadrate, pterygoid,

and hyosymplectic cartilage; malformations of Meckel's cartilage, ceratohyals and the basihyal.

RAI 3 Partial deletion of forebrain (FB); broad deletion of MB/HB border region; eyes smaller, closer together, and ventrally and

anteriorly rotated; otocysts shifted anterior; axis severely truncated; curied tail; visceral cavity expanded; thin tube heart with

contractions but no circulation; blood cells pooled posterioriy; deletions of the quadrate, pterygoid, hyosymplectic, orbital,

epiphyseal, and basibranchial cartilage; malformations or deletion of Meckel's cartilage; malformation of the ethmoid,

ceratohyals, basihyal, auditory capsule, basibranchials. hypobranchials. and ceratobranchials.

RAI 4 Broad deletion of FB, MB/HB; otocysts absent; most retinal pigment deleted; heavy pigment on expanded visceral cavity wall;

multiple pectoral fins; axis severely truncated and tail curied; urinary bladder and gut present; heart absent; deletions of most

craniofacial cartilage; remnants of Meckel's or the ceratohyals may be present; parachordals present; multiple coracoscapulae

and proximal radials present.

RAI 5 Major deletions of head and tail with only trunk remaining; urinary bladder and gut present; blood cells pooled posteriorly;

muscular movements of trunk present; no cartilaginous staining present.

' Descriptions are summaries of the larval anatomy at stage 37 and cartilage staining at stage 39.

index level that includes most of the embryos exposed to

that concentration at gastrulation: 5 X \0''M RA, 90%
of embryos fall mto RAI 2: XQ)" M RA. 88% in RAI 3:

10 ' M RA. 91% in RAI 4; lO^^M RA, 93% in RAI 5,

The ability of RA to induce reproducible phenotypes in

a large number of embryos makes F. heteroclitus an im-

portant embryonic model for the understanding of molec-

ular and genetic interactions of the RA signaling path-

ways.

Discussion

We have described brain, craniofacial, and pectoral fin

defects arising from the exposure of F. heteroclitus em-

bryos to increasing concentrations of exogenous retinoic

acid during gastrulation. RA-treated embryos, like control

embryos, gastrulate and form an axis, but by stage 25,

they demonstrate dose-dependent differences in axial pat-

terning. Moderate RA exposure during gastrulation leads

to axial patterning defects in the tail, heart, midbrain-

hindbrain, and the craniofacial cartilage. High concentra-

tions of RA further disrupt the pectoral fins, otocysts,

forebrain, and posterior hindbrain structures (including

cartilage). However, patterning of the gut and trunk ap-

pear normal, even at high RA exposures. We have used

RA phenotypes to establish an RA index that shows low

inter-experimental variability. The index should be useful

in understanding RA signaling pathways.

Cellular events that may contribute to RA-induced

phenotypes

Gastrulation and neural induction. Embryos exposed

to exogenous RA at 50% epiboly continue to gastrulate

and show no immediate signs of cell death or toxic re-

sponse. The overall patterns of development of treated

and control embryos at 25°C are similar prior to stage 25,

some 27 hours after RA exposure. Other responses to RA
argue against an immediate toxic response: i.e.. embryos

exposed to the highest RA concentrations live for more

than 2 weeks, show normal gut and somatic trunk muscle

development, and exhibit frequent muscle contractions.

Although we have not examined in detail the effects

of RA on gastrulation, it is possible that the patterning

defects we observe stem, in part, from subtle changes in

cellular migration patterns during gastrulation. Gastrula-

tion in F. heteroclitus occurs by the ingression of superfi-

cial deep cells at the margin of the blastoderm during

early epiboly (stage 13-13'", 12hpf at 25°C; Trinkaus,

1996). The detailed studies of Trinkaus and colleagues

provide background information on development in this

species, and the large size and transparency of the embryo

contribute to ease of observation. Together, these factors

make F. heteroclitus embryos excellent candidates for

lineage studies to determine whether RA leads to altered

migration patterns of cells during gastrulation.

Exposure to RA may disrupt the interactions that occur

between mesoderm and ectoderm during gastrulation

—

interactions shown by classical embryological and recent

molecular studies to be critical for normal neural induc-

tion of the brain and spinal cord (Spemann and Mangold,

1924; Tanabe and Jessell, 1996: Elinson and Kao. 1993).

It has been shown in X. laevis, that treatment with RA
during gastrulation affects both mesoderm (Cho and De

Robertis, 1990: Sive et ai. 1990: Sive and Cheng, 1991:



292 M. W. VANDERSEA ET AL.

RAI RAI2

(A

o

D

u

100
RAI 3

B^

RAM RAI 5

:3 S. ~ — ^~ <yi —. —, ^.



RETINOIC ACID DEFECTS IN FVNDULUS EMBRYOS 293

Effects of RA on axial specification and cartilage

patterning

RA-treated embryos survive for up to 22 days and show

extensive development of cartilaginous skeletal elements.

This has permitted a more detailed analysis of RA-in-

duced craniofacial and pectoral tin skeletal defects than

has been undertaken for other species. Our results show

that the development of many craniofacial and pectoral

fin cartilage elements is altered in response to RA expo-

sure during gastrulation. Dose-dependent deletions occur

in both neurocranial and pharyngeal skeletal elements,

while duplications and deletions are observed for pectoral

girdle and fin elements.

In the neurocranium, the orbitals and epiphyseal bar.

which are cartilage elements centrally located along the

anterior-posterior ( A/P) axis, are deleted at lower concen-

trations of RA than are the ethmoid plate and the para-

chordals, which are elements at the anterior and posterior

extremes. These results suggest that RA has a concentra-

tion-dependent effect, either on the developmental regula-

tion of specific neural cranial elements, or on the specifi-

cation of their ultimate position along the A/P axis. Al-

though patterning of the craniofacial region is generally

believed to be conserved in evolution, the origin of the

neurocranium— whether from mesoderm or neural

crest— is a matter of contention. Extirpation of neural

crest cells in medaka embryos results in defects of the

craniofacial cartilage (Langille and Hall, 1988), demon-

strating the importance of neural crest for normal head

development. These studies suggest that the anteriormost

elements of the neurocranium, the ethmoid plate and tra-

beculae, are derived from neural crest cells that migrate

from the mesencephalon, whereas the more centrally lo-

cated elements, orbitals and epiphyseal bar, receive neural

crest contributions from both the mesencephalon and the

preotic rhombencephalon (Langille and Hall, 1988). Pos-

terior elements of the neurocranium are believed to be

derived from mesoderm (Langille and Hall, 1988). How-

ever, recent quail-chick transplantation studies suggest

that most of the neurocranmm is mesoderm-derived

(Couly et al.. 1993), except for specific neural-crest-de-

rived regions corresponding to sites at which craniofacial

muscles attach (Koentges and Lumsden, 1996). The pat-

terns of deletions of cartilaginous elements we observe

at moderate RA concentrations seem to be unrelated to

their embryological origin— whether that is neural crest

or mesoderm. Thus, RA is more likely to be affecting

positional information given to cells along the A/P axis.

The pharyngeal skeleton consists of a set of seven seg-

mented arch homologs, each consisting of dorsal and ven-

tral elements that give rise to specific cartilage elements

(Romerand Parsons, 1977; Schilling and Kimmel, 1997).

We observe two patterns of cartilage deletions in response

to increasing concentrations of RA. First, the dorsal carti-

lage elements in each of the arches are deleted at a lower

concentration of RA than the more ventral cartilage ele-

ments. For example, in the neurocranial cartilage of larvae

exposed to 5 x 10"' M RA as gastrulae, the ventral ele-

ments of all seven arches can be found (Meckel's cartilage

in the mandibular arch, the ceratohyal in the hyoid arch,

and the ceratobranchials in the branchial arches). The

more dorsal elements (quadrate and pterygoid in the man-

dibular arch, hyosymplectic in the hyoid arch, and epi-

branchials or pharyngobranchials in the branchial arches)

are all absent.

The second pattern involves the deletion of ventral ele-

ments of each arch and occurs in a noncontiguous fashion

with respect to the A/P axis. Larvae treated as gastrulae

with 5 X 10"' A/ RA show deletions of one pair of cerato-

brachials, whereas the ceratohyals in the hyoid arch and,

in many cases, Meckel's cartilage in the mandibular arch

remain. All of these cartilages are ventral elements, with

the ceratohyals more centrally located along the A/P axis

of the head. Although the order of the deleted ceratobran-

chials cannot be established definitively, they are not the

tooth-bearing fifth pair of ceratobranchials, which are still

present. The discontinuity of deleted ventral cartilages,

relative to their position along the A/P axis, is seen at

higher concentrations of RA where Meckel's cartilage

and one or more additional pair of ceratobranchials are

eliminated before the ceratohyals. To emphasize this im-

portant point, the cartilage derived from the ventral ele-

ment of the second arch is formed; but the ventral ele-

ments of first and third or fourth arches are deleted.

The effects of exogenous RA on embryos have been

explained by disruption of endogenous gradients of RA
on the early patterning of embryonic tissues (Durston et

ai, 1989). In vertebrates, RA has been shown to be im-

portant in patterning the embryonic axis (Sive et al, 1990;

Kessel, 1992; Conlon, 1995). All of the cartilage elements

of the pharyngeal skeleton are believed to be derived from

neural crest cells that migrate from midbrain and from

specific rhombomeres of the hindbrain (Langille and Hall,

1988, 1993; Lumsden et al.. 1991; Couly et al. 1993).

However, different skeletal elements in the same arch,

and even a single cartilage element within an arch, may

receive contributions of neural crest cells from more than

one specific axial level (Koentges and Lumsden, 1996).

Recent studies in zebrafish suggest that dorsal and ventral

elements in a given arch originate from separate sites of

chondrification within the same condensation of precarti-

lage cells (Schilling and Kimmel, 1997). In the mandibu-

lar arch, for example, the quadrate and Meckel's cartilage

both arise from a single precartilage condensation, with

the quadrate forming before Meckel's cartilage (Schilling

and Kimmel, 1997). Our results suggest that the dorsal

and ventral cartilage elements of the pharyngeal arches
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are differentially sensitive to early exposure to RA and

may originate from different populations of neural crest

cells along the embryonic axis. Furthermore, the noncon-

tiguous pattern of deletions of ventral elements indicates

a more complex regulation or axial organization than pre-

viously recognized.

Although most of the RA-induced patterning defects

we describe in this study represent deletions of specific

structures, exposure of F. heteroclitus embryos to 1 x

lO"'^ M RA during gastrulation causes duplications of pec-

toral fins (described in further detail in Vandersea er a/., in

press). Parallel studies in zebrafish also show duplicated

pectoral fins at defined RA concentrations (Vandersea ei

ai, in press). Lower body and limb duplications have

been shown to be induced by RA when administered

during pregastrulation stages to mouse embryos (Rutledge

et ai. 1994). Our results demonstrate that the phenotypic

response to RA at gastrulation may be evolutionarily con-

served and suggest that RA may be an early signaling

molecule for axial specification of vertebrate limbs. The

induction of duplications of specific structures is consis-

tent with current ideas that the mechanism by which exog-

enous RA disrupts developmental patterning is mis-ex-

pression of patterning genes, such as Hox and Otx2 genes

(Conlon, 1995).

Molecular aspects of RA action—Hox gene

involvement

RA is an endogenous regulator of patterning in verte-

brate embryos: at the molecular level. RA is believed to

exert its patterning influences by the temporal and spatial

regulation of Hox and other homeobox-containing genes

(Simeone et ai. 1990; Papalopulu et ai, 1991: Langston

and Gudas, 1992: and Studer et ai, 1994). In this paper

we have shown that brain and skeletal elements of the

F. heteroclitus head exhibit dose-dependent deletions in

response to RA exposure during gastrulation. By supply-

ing excess RA, we are disrupting the natural levels of RA
in the embryos: this in turn may alter homeobox and Hox

gene expression, resulting in developmental defects (Taira

et al.. 1994: Conlon. 1995; Hill et ai. 1995: Alexandre

et ai, 1996). Our work provides a model species that

permits large numbers of synchronous embryos to be

treated with RA at gastrulation. RA-treated F. heteroclitus

embryos develop with distinct, reproducible phenotypes

that may be useful in resolving the molecular details of

RA-signaling pathways and the role of Hox gene expres-

sion.

RA signaling pathways may be sensitive to disruption

by xenobiotics

The craniofacial defects we have characterized in this

study of F. heteroclitus are similar to defects that have

been described in fish and other vertebrates exposed to

various xenobiotics (Weis and Weis, 1989). RA is critical

for normal patterning of the craniofacial region and the

heart (Means and Gudas. 1995; Conlon. 1995), and de-

fects induced in these regions by various xenobiotics sug-

gest that they may act by disrupting RA signaling path-

ways. RA acts by binding to receptors that are members

of a large superfamily of steroid and thyroid hormone

receptors (Leid et al., 1993). Certain xenobiotics may
mimic RA or disrupt the RA signaling pathway by bind-

ing or interfering with this class of receptors. For exam-

ple, the insect growth regulator methoprene is teratogenic

in mice (Unsworth et al. 1974) and can activate one class

of retinoid receptors in expression assays (Harmon et al,

1995).

In this paper we have established a dose-response index

describing the phenotypes resulting from increasing doses

of RA. Similar index phenotypes are also identifiable in

RA-exposed zebrafish embryos (Vandersea et ai. in

press; and unpubl. data), suggesting that the mechanism

by which RA induces defects is evolutionarily conserved.

F. heteroclitus and zebrafish are. respectively, estuarine

and freshwater fish species that are widely used in toxicol-

ogy studies. The index we describe should be useful in

embryo-based assays for toxicological and environmental

monitoring studies by permitting xenobiotic effects to be

ranked and quantified in exposed embryos whose defects

resemble those resulting from RA exposure. This index

should also aid in defining the mechanisms by which

xenobiotics act and the concentrations that can be toler-

ated in the environment.
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Abstract. Polychaete larvae from several families are

thought to be natural predators upon planktonic bivalve

larvae. However, little direct evidence of interactions be-

tween these predators and prey is available. We conducted

predator-prey experiments on laboratory roller tables for

five putative predatory polychaete larvae, representing

four families (metatroch-less larvae of the Polynoidae and

metatrochophore larvae of the Spionidae, the Mageloni-

dae, and the Phyllodocidae). D-hinge veliger larvae of

the oyster Crassostrea gigas were offered as prey. Preda-

tion was monitored over a range of prey densities and in

the presence and absence of background plankton.

"Background plankton" are any naturally occurring

plankton assemblages found in whole, unfiltered seawater

at ambient concentrations. For all polychaete larvae ex-

amined, when natural C. gigas densities and background

plankton were used, no predation was observed. Magelo-

nids and phyllodocids did not consume any C. gigas lar-

vae, regardless of conditions. Polynoid and spionid

trochophores consumed C. gigas veligers at both the

"natural" and unnaturally high prey densities in filtered

seawater. The addition of background plankton eliminated

the predation at all natural prey densities and significantly

reduced the predation observed at high prey densities.

Introduction

Predation in the plankton is a source of mortality that

may control the presence and abundance of the planktonic

larvae of benthic marine invertebrates (Thorson, 1950).

Observations of predation upon meroplanktonic inverte-

brate larvae are recorded from as far back as the 1920s.

For example, Lebour (1922) noted bivalve veliger larvae
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in the guts of the larval polychaete Magelona papilli-

cornis (Magelonidae). Other biologists have also ob-

served bivalve veligers within the guts of field-caught

Magelona sp. larvae (Thorson, 1946; Smidt, 1951; Kuhl,

1974; Wilson, 1982). Lebour (1922). Smidt (1951), and

Kuhl (1974) recorded only bivalve larvae as prey for

magelonids, but Thorson (1946) and Wilson (1982) ob-

served that M. papillicornis also consumed other plank-

tonic organisms. In spite of these many observations and

the general impression that larval polychaetes of the genus

Magelona are specialist predators of bivalve veligers

(e.g., Todd et al. 1996), a natural predator-prey relation-

ship between larval polychaetes and bivalve larvae has

yet to be definitively shown. There are problems also with

the anecdotal nature of some past observations on wild-

caught plankton: when planktonic predators and prey are

concentrated in the cod-end of a plankton net for several

minutes or more, as is usually the case when plankton

samples are being collected, it is not possible to differenti-

ate natural predation from that occurring in the cod-end

under very abnormal conditions, which we refer to as

"artifactual predation."

Predation upon bivalve veligers by polychaete trocho-

phores (metatroch-less trochophores and metatrocho-

phores) has also been observed for representatives of

other polychaete families, including the Polynoidae (Yo-

kouchi, 1991), the Nephtyidae (Mileikovski, 1959; Yo-

kouchi, 1991), the Phyllodocidae (Yokouchi, 1991), and

the Spionidae (Daro and Polk, 1973; K. B. Johnson, un-

publ. data). These observations of predation are remark-

able in two ways. First, it is very seldom that a larva has

been observed to be the primary food consumed by a

planktonic suspension-feeding predator that consumes its

prey one individual at a time. Unlike cases in which pred-

ators {e.g.. some scyphozoans and clupeid fish) indiscrim-

inately feed on many planktonic prey, consistent observa-

tions of a given prey item in the gut of such a "single-
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particle predator" may indicate a strongly specific preda-

tor-prey relationship and provide insight into predator be-

havior. Second, bivalve veligers consumed by polychaete

larvae are often surprisingly large relative to the preda-

tor's body diameter and apparent mouth size (see Fig. 1 ).

Examining the mechanism underlying particle inges-

tion by polychaete larvae, Phillips and Fernet ( 1996) fed

larvae of the polychaetes Serpula vennlcularis (Serpuli-

dae) and Aictorwe vittata (Polynoidae) polystyrene beads

and plankton at a range of sizes. S. vermiciilaris larvae

were apparently not equipped to handle food particles

greater than 12 ^m in diameter (Phillips and Pernet.

1996). A. vittata larvae less than 100 /jm in diameter were

observed to ingest large particles (polystyrene beads and

phytoplankton) up to 60 /jm in diameter, a common size

for small bivalve larvae. The larvae of A. vittata, a scale-

worm, likely include relatively large particles in their

natural diet. Does this diet include larval bivalves? Bi-

valve veligers have been observed in the guts of field-

caught polynoid larvae (Yokouchi, 1991 ). Like the larvae

of Magelona sp., the larvae of polynoids and several other

polychaete families may be natural predators upon bivalve

veligers.

We examined the potential predator-prey relationship

between several larval polychaetes and bivalve veliger

larvae. The relationship was examined using a combina-

tion of field observations (plankton samples) and labora-

tory experiments. In plankton samples, trochophores rep-

resenting several families were observed with bivalve ve-

ligers in their guts. More important for this study,

however, field samples helped determine densities used

in laboratory experiments. Densities of predators and prey

reflected field densities from samples in which predation

was observed. Laboratory experiments used five types of

larval polychaetes as predators: A. vittata (metatroch-less

trochophore, Polynoidae), Magelona sp. (metatrocho-

phore, Magelonidae), and unidentified species from the

families Polynoidae (metatroch-less trochophore), Spioni-

dae (metatrochophore), and Phyllodocidae (metatrocho-

phore). D-hinge veliger larvae of the oyster Crassostrea

gigas were offered as prey. Experiments were conducted

at two prey densities and in the presence or absence of

background plankton. The presence of background plank-

ton (by which we mean naturally occurring phyto- and

zooplankton ever-present in the field but often excluded

in laboratory experiments) is potentially important be-

cause it may act as a substitute food for predators or

obscure prey from detection (Johnson and Shanks, 1997).

Materials and Methods

Field obser\ations

During August 1994, plankton samples were collected

from within 10 km of the shore of Duck, North Carolina.

Using a 100-/./m-mesh plankton net and an on-board elec-

tric centrifugal pump, samples were collected for 3 min

at 227.1 1 min"', for a final sample volume of approxi-

mately 680 liters. Between 3 and 5 sampling depths were

chosen at each station, depending upon the station depth.

After pumping was complete, samples were rinsed from

the cod-ends and preserved with 10% CaCOj-buffered

formalin for later sorting. Plankton samples were sorted

under a dissection microscope with polarized light to aid

in locating bivalves. For a more detailed description of

collection and sorting methods, see Brink (1997).

Bivalve veligers were tallied when observed in the guts

of predatory polychaete larvae. The total density of bi-

valve larvae and polychaete larvae was determined for

each sample in which bivalve predation was observed.

These densities were considered when deciding upon

predator and prey densities to be used in the laboratory

experiments described below.

Culture of predators and prey

Adult specimens of the scaleworm Arctonoe vittata,

commensal with the keyhole limpet Diodora aspera, were

collected with their host from the west shore rocky inter-

tidal of San Juan Island, Washington. Individuals of A.

vittata were spawned and larvae were cultured using the

methods described by Phillips and Pemet (1996) with the

addition of Coscinodiscus radiatus (CCMP 3 10) as a food

source. Fertilized eggs were cultured in 600-ml beakers

at densities of —5001"'. Larvae approximately 21 days

old were used as predators in experiments.

All other larval polychaetes used as predators were

collected at high tide near the mouth of Coos Bay, Ore-

gon, by slowly towing a 150-/im-mesh plankton net

equipped with a large, blind cod-end (Reeve, 1981). Pi-

pettes (3-mm-bore) were used to immediately remove

predators from the plankton sample and isolate them in

250 ml of filtered seawater. Experiments began within

6 hours of predator collection.

D-hinge veligers of the oyster Crassostrea gigas. 5 to

10 days old (greatest linear dimension 70-90 ^m), were

used as prey in all laboratory experiments. The oyster

larvae were obtained from Whiskey Creek Oyster Farms,

Tillamook, Oregon, and maintained in 1 -gallon jars on a

diet of Isochrysis galbana and Rhodomonas sp.

Roller table experiments

One laboratory experiment, with four treatments, was

conducted for each of the five species of larval polychaete

(Table I). Two densities of prey were used. The first prey

density (Treatments A and B) was designed to approxi-

mate natural field concentrations and was set at 33 bivalve

larvae 1' on the basis of the highest value we found in

the literature (Carriker. 1951). The second prey density
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Mean number o/ Crassostrea gigas veliger larvae in individual guts of predatory lan-al polychaeles according to treatment (prey density and the

presence or absence of background plankton) ± the 95% confidence interval

Treatment
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these metatroch-less trochophores was often not possible,

but the following families may have been represented:

Phyllodocidae. Hesionidae. early Nephtyidae. Polynoi-

dae, and Chrysopetalidae. Of those metatrochophores that

had bivalves, 3 were Magelona sp. with 1 bivalve each.

The last 2 metatrochophores were likely either phyllodoc-

ids or hesionids; one (380 /vm in length) had 2 bivalves

in its gut, while the other (368 ^m in length) had 1 bi-

valve. In addition, a single metatroch-less polychaete

larva was observed with a gastropod veliger in its gut.

For the 18 samples in which bivalves were observed

in polychaete larva guts, densities ranged from 42 to 1 193

polychaete larvae sample ' (x = 277.2, SD = 324.3). The

range of larval bivalve densities in these same samples

was from 419 to 1949 larvae sample"' (x = 1217.6, SD
= 494.2). Therefore, at least 42 trochophores and 419

bivalve larvae were concentrated together in the cod-end

bucket (about 200 ml of seawater) when a sample was

complete.

Roller table experiments

Table 1 summarizes the results of the roller table experi-

ments. For the larvae of Magelona sp. and phyllodocid

A, predation on bivalve veligers was not observed in the

laboratory under any conditions. The larvae of A rctonoe

vittata, polynoid A, and spionid A, however, did consume

Crassostrea gigas veligers (Fig. 1). These three poly-

chaetes exhibited low levels of predation when veliger

larvae were presented at near-natural densities and in fil-

tered seawater (Table I, Treatment A). When background

plankton was used with this same near-natural prey den-

sity, predation was always absent (Table I, Treatment B).

Predation was most frequent when densities of C gigas

were high in filtered seawater (Table I, Treatment C).

Notably, the polynoid larvae, A. vittata and polynoid A,

consumed the greatest numbers of veligers in Treatment

C. The most extreme was polynoid A, averaging 6.17

bivalve veligers gut ' with two of the individuals consum-

ing 8 veligers each. Presenting prey at high densities in

the presence of background plankton (Table I, Treatment

D) reduced, but did not eliminate, the predation observed

at the same densities in Treatment C.

Polynoid trochophores, which consumed numerous ve-

ligers in Treatment C, voided their gut contents through

a large posterior rupture. This rupture quickly heals and

the unburdened trochophore suffers no obvious perma-

nent damage. Veliger valves sometimes remain attached

at the hinge after passage through the gut. Intact veligers

that passed through the guts of larval polychaetes were

isolated in filtered seawater, but no consumed veligers

revived. Thus, although digestion by trochophores can be

incomplete, predation does appear to result in mortality

for bivalve larvae.

Discussion

None of the larval polychaete species we tested con-

sumed any bivalve larvae when laboratory conditions

were the closest to natural {i.e.. near-natural prey density

with background plankton present; Table I, Treatment

B). We did observe predation in the treatments that used

unnatural prey density or filtered seawater. One explana-

tion for the lack of predation in Treatment B could be

that larval polychaetes are not natural predators of bivalve

veliger larvae. In that case, previously published observa-

tions of bivalve veligers in the guts of larval polychaetes

might be an artifact of the concentration of predators

and prey in cod-end buckets during plankton tows. Such

artificial conditions can alter the behavior of predators

and prey and increase the probability of encounters be-

tween them, resulting in unnatural ingestion. Cod-end

predation is well documented for other planktonic preda-

tors, such as chaetognaths (Feigenbaum and Maris, 1984),

and may mislead observers about predator-prey relation-

ships.

Low encounter rates might also explain the absence of

predation under the most natural laboratory conditions

used in this study. Predators and prey may simply not

encounter one another during the experiment. Natural

prey densities, which tend to be relatively low, and the

presence of background plankton can both decrease the

number of encounters between predators and prey (John-

son and Shanks. 1997). For example, lack of encounters

may explain the low predation by A rctonoe vittata on

Crassostrea gigas under the most natural conditions (Ta-

ble I, Treatment B). This explanation is supported by

comparisons between observed predation by A. vittata

and encounter model estimates (K. B. Johnson, unpubl.

data): the estimates produced by two models (Gerritsen

and Strickler, 1977. and a simple clearance rate model)

were statistically indistinguishable from the minimum

known encounters of A. vittata with C. gigas {i.e.. ob-

served predation events). This bolsters the argument that

larval polychaetes naturally prey upon bivalve veligers

during relatively infrequent encounters. Indeed, the many

published observations of predation {e.g., Thorson, 1946;

Smidt, 1951: Kuhl, 1974; Wilson, 1982) may reflect rela-

tively rare field encounters rather than artifactual cod-end

predation. Predator-prey encounters in these previously

published studies can. however, be difficult to estimate.

Field densities, swimming speeds, and encounter radiuses,

essential components of encounter rate models, are often

unknown. Finally, the hypothesis that these polychaetes

may, upon infrequent encounters, be natural predators of

bivalve larvae is also supported by an observation of a

spionid larva with one C. gigas veliger in its gut (K. B.

Johnson, unpubl. data). This metatrochophore larva was

fixed only seconds after being collected in a 120-1 sample
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Figure 1. (A) D-hinge veliger of the oyster Crassostrea gigas. (B) Trochophore larva of the polynoid

Arctonoe viihiia with a vehger of the oyster C. gigas in its gut. (C) Metatrochophore larva of spionid A
with a C. gigas veliger in its gut. (D) Trochophore larva of polynoid A with two C. gigas veligers in its

gut. A, C, and D are viewed with cross-polarized light. Scale bar = 100 /jm.

of seawater. No plankton net was towed: the water was

collected in a plastic bag, then immediately concentrated

and fixed. This method allowed little time for artifactual

predation.

The true frequency of encounters between predators

and prey in the field may, however, be far greater than

estimated by models or from laboratory experiments if

natural densities are greater than those recorded by inves-

tigators. The effect of plankton patchiness on sampling

accuracy has received some attention (Hamner and Carle-

ton, 1979; Omori and Hamner. 1982) and could cause

underestimation of field densities. Plankton can be highly

concentrated in a localized area— for example, through

behavior-related aggregation (e.g., Alldredge and Ham-

ner, 1980: Ueda et al.. 1983) or the accumulation of

plankton in a front (Stommel, 1949: Bray. 1953: George

and Edwards. 1973). A net towed through such a patch

and then through a sparsely populated region would col-

lect a sample with an apparent density lower than the

actual density within the front or aggregation. Further-

more, bivalve veligers are known to associate with marine

snow (Green and Dagg. 1997: Shanks and Walters, 1997),

creating localized high larval densities. Larval poly-

chaetes can also be strongly associated with marine snow

(Shanks and del Carmen. 1997) and, as a result, may
encounter potential prey items such as bivalve veligers

more frequently. Published observations of predation

upon bivalve veligers by larval polychaetes may thus re-
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fleet natural predation in concentrated patches of preda-

tors and prey.

In spite of the fact that we never observed predation

on bivalve veligers by Magelona larvae in laboratory ex-

periments, published observations of this predator-prey

relationship are numerous and should not be summarily

dismissed. Wilson (1982) mentions that three species of

Magelona are known to be carnivorous in later stages and

includes descriptions of late-stage metatrochophore larvae

> 4 mm in length. The Magelona metatrochophore larvae

used in our experiments were 2— 3 mm long. At a later

stage, with larger palps and mouths, these larvae may be

more effective at capturing bivalve larvae. It should be

noted, however, that a larva of Magelona papillicomis.

lacking long palps and only 1 mm in length, is depicted

by Todd et al. (1996) with a bivalve veliger in its gut.

Experiments analogous to ours should be conducted with

later stage Magelona larvae to clarify the relationship of

this predator with potential bivalve prey.

Summary

Certain larval polychaetes may be significant natural

predators upon bivalve veligers. This investigation, how-

ever, provides laboratory evidence that natural predation

on bivalve larvae by polychaete larvae is absent or un-

common, possibly because the predators and prey have

few encounters in the field (assuming that published larval

bivalve densities accurately reflect natural densities).

Published reports of bivalve veligers in the guts of

larval polychaetes suggest a natural predator-prey rela-

tionship and are seemingly incongruous with our results.

One possible explanation is that polychaete larvae con-

sumed the veligers while in the cod-end of a plankton

net. making the predation an artifact of the collection

method.

When polychaete larvae consumed bivalve veligers in

our laboratory experiments, the use of near-natural prey

densities with natural background plankton completely

eliminated predation. This lack of predation may be due

to a reduction in the number of encounters with prey

(published data indicates that natural densities of bivalve

larvae are relatively low) or to the role of background

plankton as a substitute food for predators or a screen to

obscure prey from detection. In short, our results suggest

that a natural predator-prey relationship between poly-

chaete larvae and bivalve veligers may not exist. If a

relationship does exist, then the frequency of interaction

and its ecological importance may be less than expected

on the basis of published observations.
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Abstract. The organic layers within biominerals often

are viewed as sheets that may function in part to Hmit and

define the underlying crystal structure, as well as to promote

formation of the next mineral layer. Some insights into

the nature of the sheets were revealed by atomic force

microscopy (AFM) of surfaces of freshly cleaved fragments

of oyster shell folia. Visible in the micrographs were arrays

of globular structures that resembled the globules seen in

isolated oyster shell protein bound to calcite. mica, and

glass. The results of chemical treatment showed that the

foliar globules slowly dissolved in 5.25% NaOCl or 1 A^

NaOH, reacted with an antibody prepared against an iso-

lated oyster shell protein, and were hydrolyzed by several

proteolytic enzymes. These morphological and chemical

observations suggested that protein was a significant com-

ponent of the foliar globules. Although they might also

have a significant mineral content, the foliar globules were

not effective as nucleators of CaCO, crystal formation at

low levels of supersaturation in artificial seawater. Overall,

the results suggested that molecules of oyster shell protein

may agglomerate and combine with mineral to form a sur-

face of complex topography that coats the calcite laths but

exhibits no obvious correspondence to any specific crystal-

lographic plane.

Introduction

Information about the organization of shell and regula-

tion of its growth is not only central to biomineralogy but
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* To whom correspondence should be addressed. E-mail; ssikes®

usamail.usouthal.edu

also has increasingly attracted the attention of materials

scientists (Wheeler and Koskan, 1993; Mann, 1996: Stupp

and Braun, 1997; Weiner and Addadi, 1997). For exam-

ple, there is interest in nanoscale approaches to making

composite materials that have increased durability, ele-

vated resistance to fracture, and other desirable properties.

In shell, such properties are thought to be derived from

the interplay of the mineral phases with the organic layers:

the latter are viewed mainly as sheets that may nucleate

the original crystal phase, then regulate and limit its

growth so that a specific morphology results.

The organic and inorganic phases of the carbonate bio-

minerals that occur in shells are well suited to atomic-

level imaging by atomic force microscopy (AFM), as

shown by a number of studies that probed the hard, flat

mineral surfaces (Friedbacher et al. 1991: Hilner et ai.

1992: Drake et al.. 1992; Donachy et ai. 1992; Sikes et

al.. 1993). There also have been AFM observations of

protein molecules isolated from calcite oyster shell, as

well as of peptide analogs of the protein, bound to specific

surfaces of calcite (Wierzbicki et ai. 1994; Sikes and

Wierzbicki. 1995a, b). The isolated oyster shell protein

had an ellipsoid, globular appearance when attached to

calcite grown //; vitro and viewed by AFM.

The polygonal crystalline arrays of aragonite from mol-

luscan nacre also have been studied by AFM (Giles et

al. 1994, 1995; Manne et ai. 1994). The emphasis in

these smdies was on bleached biominerals, which thus

were presumably free of the associated proteins. Although

logically interpreted as composed of mineral only, many

globules were observed that at least resembled the glob-

ules of isolated matrix proteins that we had reported, as

304
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mentioned above. Along these lines, Gutmannsbauer and

Hanni (1994) viewed nacreous tablets by a variety of

techniques and interpreted both the X-ray reflections and

the AFM images as showing an ordered layer of organic

globules that coats each tablet. Shell organic layers have

also been described in detail in many electron microscopy

studies over the years.

For example, Watabe and coworkers studied transmis-

sion electron micrographs of Formvar replicas taken from

the whole, inner surface of oyster shell (1958), Formvar

replicas of fracture surfaces of oyster shell (1961), and

diamond-knife sections of pieces of foliar layers of oyster

shell with and without a decalcification treatment ( 1965),

usually with silicon monoxide or carbon coatings. The

images revealed distinct relationships between the organic

and inorganic layers, in some cases including the presence

of organic layers at the fracture surfaces. Although the

spatial resolution of the surface topography was necessar-

ily affected by the limitations of electron microscopy,

especially when replicated and coated specimens were

examined, the clarity of the images was nonetheless ex-

cellent, making possible the detection of globular and

"reticular" structures on the foliar surfaces. Assignments

of spatial dimensions of organic layers were made only

of cross-sections and not of surface views; the assign-

ments were based on the relative electron density of the

layers. By this approach, the width of the proteinaceous

layer between adjacent folia was estimated to be 12 to

20 nm.

Similarly, Taylor et al. (1969) and Carriker and co-

workers (1979, 1980) used transmission and scanning

electron microscopy (SEM) of coated replicas, diamond-

wheel sections, and fracture surfaces in monographic

studies of oyster shell ultrastructure. Many high-resolu-

tion images of all layers of the shell were produced. The

large inner layer of calcite sheets, or folia, was one area

of emphasis. Spatial relationships again were evident be-

tween the organic and inorganic constituents, with the

observations and interpretations consistent with earlier

studies. In a number of the images, globules are apparent

on the surfaces of the folia, but no particular attention

was drawn to them.

Previously, we reported AFM images of folia from the

inner layer of oyster shell. Foliar chips, which are pro-

duced in abundance when a shell is cracked open, evi-

dently cleave mainly along the interfaces where the pro-

teins occur rather than through the mineral itself, and

therefore might be coated with protein (Watabe, 1965;

Taylor et ai. 1969; Carriker and Palmer, 1979; Carriker

et al., 1980; Kuhn-Spearing et al.. 1996). We had ob-

served that the foliar surface contained globular ellipsoids

resembling the globules of isolated oyster shell protein

imaged both in fluids and dry on calcite, glass, and mica

(Sikes and Wierzbicki, 1995a. b; 1996). Moreover, the

foliar globules were susceptible to enzymatic hydrolysis

(Sikes et al.. 1997).

The purpose of the present investigation was to estab-

lish the identity of the foliar globules more clearly as

proteinaceous, mineral, or perhaps a combination of both.

Approaches included chemical, enzymatic, and immuno-

logic treatments together with AFM and SEM observa-

tions. In addition, the possible function of the foliar glob-

ules and their relationship to the adjacent mineral phases

was investigated by AFM and SEM studies of nucleation

of calcite on foliar chips. The results suggested that the

proteinaceous layer of oyster shell folia is itself a compos-

ite of undefined mineral and agglomerations of individual

protein molecules, which together form a layer of com-

plex topography, rather than a linearized sheet, that over-

lies the calcite laths. As nucleators of crystal growth, the

foliar globules were less effective than the areas of ex-

posed calcite that may occur on the foliar surfaces. No
obvious relationship of the foliar globules to specific crys-

tallographic planes was found, although several possibili-

ties were considered.

Materials and Methods

Oyster shell folia

The outer surface of freshly shucked shells of the

American oyster, Crassostrea virginica. was ground us-

ing a hand-held Dremel to remove residual periostracum

and outer prismatica. The shell was then fractured with a

hammer. White, pearlescent foliated chips were separated

from pigmented and chalky chips and stored dry in a vial.

The chips were several millimeters in linear dimensions;

they typically weighed between 20 and 30 mg, and did

not exceed 100 mg.

Chemical treatments

Foliar chips were incubated in 10 ml of 1 A^ NaOH or

5.25% NaOCl (Clorox) in a glass vial for 3 weeks. The

solution was changed daily. At intervals, a chip was re-

moved with forceps, placed on a glass-fiber filter, and

washed under gentle vacuum with 10 ml of 0. 1 mM
NaOH. Next, the chip was soaked for lOmin, 3 times,

in 10 ml of an aqueous solution saturated with respect to

calcite. This solution was the supernatant of a slurry of

reagent-grade calcite crystal, 25 g/liter of water, stirred

for 3 weeks. The chip then was placed on a piece of

absorbent paper, air-dried for 1 h, and glued to a 12-mm

glass disc by gently placing it on 10/j1 of 3;1 dichloro-

methane and commercial polyurethane (Minwax), just

after the dichloromethane had mostly evaporated, leaving

a flat, nonwicking adhesive surface. This produced a firm.
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insoluble attachment to the glass disc, which had been

previously attached with superglue (cyanoacrylate) to an

electron-microscopy stub. Epoxy was also acceptable for

adhering the chips to glass, but superglue was not because

it dissolved during aqueous imaging.

Control chips were incubated in calcite-saturated water

and washed as above prior to viewing. They also were

imaged directly, with no treatment, to ensure that the

soaking and washing did not affect the control morphol-

ogy. Some chips and control crystals of calcite also were

rinsed in distilled water rather than calcite-saturated wa-

ter. This had no effect on the overall appearance of the

folia, but did etch the surface of the control crystals.

Therefore, for AFM imaging at the atomic level, the

calcite-saturated solution was preferable for rinsing. How-

ever, if the saturated solution was not quickly absorbed

into the paper, the samples would occasionally exhibit

ectopic crystals that formed from drying droplets.

Enzyiiuitic treatments

Foliar chips were incubated for 48 h in 0.5 ml of phos-

phate buffer (0.05 M. pH 7.5) that contained 1.95 units

of carboxypeptidase B (Sigma), 2 units of endoproteinase

glu-C (Boehringer-Mannheim). or 1.5 units of subtilisin

(Boehringer-Mannheim). Carboxypeptidase is a general

protease of peptide bonds at the C-terminus. Endopro-

teinase glu-C and subtilisin both cleave internal peptide

bonds, particularly of acidic residues, which are common

in the oyster shell protein.

The chips were rinsed with distilled water and air dried

prior to gluing onto the glass disc and AFM stub. Control

chips were incubated in buffer alone.

Immiinohistochemical treatments

An ELISA assay was performed directly on foliar

chips, using an antibody prepared against a 48-kD protein

band obtained by SDS-PAGE of whole, soluble protein

extracts of folia (Myers et ai. 1996). The electroeluted

protein was mixed 1:2 with Freunds incomplete adjuvant

and injected intramuscularly (three injections) into single-

comb white leghorn hens to stimulate antibody produc-

tion. Approximately 2 weeks after the final injection. IgG

was chloroform-extracted from egg yolks and purified

by ethanol precipitation (after Mohammed et ai. 1986).

Standard ELISA confirmed the reactivity of the extracted

antibody with the 48-kD antigen and demonstrated cross-

reactivity of the antibody with other isolated oyster shell

matrix proteins (Johnstone and Wheeler, unpubl. data).

The antibody did not react with /3-lactoglobulin or BSA,

which served as negative controls.

Foliar chips were incubated for 1 h in 1 % BSA to block

nonspecific binding, washed in two changes of TBS (Tris-

buffered saline. pH 7.4). and then transferred to a 1:200

solution of the soluble matrix primary antibody. After

1 h, the chips were washed twice with TBS and trans-

ferred for 1 h to a 1:1200 solution of horseradish-perox-

idase-conjugated goat anti-chicken secondary antibody

(Sigma). After a final TBS wash, the DAB system

(Sigma) was used to detect antibody binding to the foliar

chips. Additional blocked (BSA-incubated) and un-

blocked (no BSA incubation) chips, incubated with sec-

ondary antibody only and developed using the DAB sys-

tem, confirmed that there was very little nonspecific bind-

ing of the secondary antibody to the foliar shell.

Matched foliar chips were pretreated for 24 h with 1 ml

of 0.1 A/ NaOH or 0.08 M EDTA solution (pH about

9.0) and then assayed as above. The EDTA solution was

prepared so as to dissolve no more than 10% of the 80 mg
of foliar shell. These treatments yielded ELISA results

that were nearly as dark as those for untreated chips,

indicating that most sites for primary antibody binding

were still available. The slightly diminished reactivity of

the treated chips suggested that some binding sites had

been altered or removed via dissolution of protein or shell.

Foliar chips to be imaged by AFM were incubated in

primary antibody only.

Atomic force microscopy

Constant-force, contact-mode AFM (Nanoscope III,

Digital InstiTjments) was used to image foliar chips, both

dry and in calcite-saturated artificial seawater (ASW:

again, the supernatant of a slurry of calcite crystals as

above, but prepared in 0.5 M NaCl. 0.01 1 M KCl. pH

8.3). Tapping-mode AFM was not needed for foliar im-

ages because the imaged surfaces and adsorbates were

firm and stationary to contact-mode AFM. However, tap-

ping-mode images were obtained for the various treat-

ments and, in all cases, revealed morphologies similar to

those obtained by contact mode. The images reported

herein were all obtained by contact-mode AFM. Standard

tips of SisNj were used for contact mode and tips of

etched silica for tapping mode (both from Digital Instru-

ments). The tip forces in contact mode were minimized at

~ 10 '' N; however, the samples were stable under higher

forces as well. The AFM scanner was adapted for use of

SEM stubs.

Procedures to guard against artifacts included variation

of the scan angle to make sure that the image rotated

accordingly. In addition, for contact-mode imaging, tips

were first used to obtain an atomic image of mica to be

sure that the tip was performing optimally before imaging

a sample. This procedure was repeated after an imaging

session, as well as during a session if questionable fea-

tures began to appear, to confirm that the tip was still
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capable of producing images at the angstrom level. Tips

that would not generate an atomic pattern of mica were

discarded.

Morphology at the micrometer level as seen by AFM
was corroborated by direct comparison of AFM and SEM
images of similar surfaces. This was more satisfactory

than use of several commercial and shareware deconvolu-

tion programs to remove any tip-related features from

AFM images. These programs often yielded images of

oyster shell folia or fields of randomly oriented crystals of

calcite that conflicted with images of the same materials

viewed by SEM.

AFM crystal growth assay

Metastable and spontaneously nucleating solutions of

calcite-supersaturated ASW were gently pumped through

a fluid cell (Digital Instruments, volume ~ 150^1) by

use of a peristaltic pump (Cole-Parmer) at a flow rate of

~150 /.^1/min. The calcium concentration was lOmM,
with total dissolved inorganic carbon (DlC) varied from

2 to 10 mM. The solutions were first prepared in a three-

necked, 50-ml round-bottom flask by addition of 30 ml

of ASW, with smooth magnetic stirring. To this was

added 0.3 ml of 1 .0 M CaCl, • 2H;0, followed by appro-

priate volumes of 0.5 M NaHCO,. The pH was adjusted

to 8.30 with microliter amounts of 1 A' NaOH and moni-

tored by pH electrode and meter (Fisher 911) equipped

with a strip chart (Cole-Parmer). The apparatus was not

thermostated, but room temperature was recorded at 23°

± 2°C. At the initiation of the experiment, the fluid from

the flask was pumped through the flow-cell of the AFM.
The foliar chip was already in place and being imaged in

calcite-saturated ASW.
In separate experiments, the metastability of the fluids

was demonstrated by growth of 15 mg of CaCOj seeds,

added to the flask as 1 .5 ml of a 10 mg/ml seed suspension

in saturated ASW, The primary stock of calcite seeds was

prepared by stirring 100 g of reagent-grade calcite (Baker)

in 1 1 of ASW for at least 3 weeks (Wheeler et al.. 1991 ).

In the absence of seed crystals, at 2 to 5 mM DIC, the

solutions exhibited no spontaneous crystal formation over

periods of at least 2 h of most imaging sessions. However,

these solutions were shown to be supersaturated and were

defined as metastable because crystal growth did occur

in the presence of seed crystals. The growth was observed

as a downward drift in pH resulting from incorporation

of COj"^ ions into the seed-crystal lattice.

At a concentration of 7 mM DIC at pH 8.3, the calcite

crystals did spontaneously nucleate after an induction pe-

riod of 15 to 20 min. At concentrations of DIC higher

than 7 mM, the induction of crystal growth, again moni-

tored by downward pH drift, became increasingly more

rapid, making real-time monitoring by AFM more diffi-

cult. In addition to rapid crystal formation over large re-

gions of the foliar chip, the turbid suspension of calcite

crystals at these concentrations of DIC interfered with the

laser signal of the AFM.

Scanning electron microscopy

Foliar chips were dehydrated by vacuum at 1 mTorr

for 15 min, then coated with a layer of approximately

20 nm of gold palladium in a Polaron sputter coater. Spec-

imens were viewed with an ISI SX40 scanning electron

microscope operated at 30 kV.

Results

Atomic force micrographs of dry, control, untreated

foliar chips of oyster shell are shown in Figures 1, 3, 5,

and 6. The folia are composed of individual crystalline

laths lying side-by-side to form a sheet. Laths are typically

about 2 /vm in width, with lath heights in the imaged

areas varying from 150 to 350 nm. Figures 1 and 3 are

comparable in magnification to Figures 2 and 4, which

are scanning electron micrographs of control, untreated

foliar chips. Both Figures 1 and 2 are low magnifications

that show the arrays of folia revealed by the fracturing

process. Figures 3 and 4 show individual folia and reveal

randomly broken ends, straight foliar margins, and a gran-

ular surface texture. Figures 5 and 6 are higher magnifica-

tion AFM images that resolve the surface texture, identi-

fied in the lower magnification images from both SEM
and AFM, into a continuous layer of discrete globules.

These foliar globules typically were about 10 to 15 nm
in height, but ranged up to about 40 nm.

The susceptibility of the foliar globules to dissolution

in 1 A' NaOH is shown in Figure 7. The foliar globules

were seen to be relatively resistant to the NaOH treatment

at 5 days. However, by 10 days (not shown), the globules

were reduced to remnants with indistinct edges and

heights of 1 to 3 nm instead of the typical globular height

of about 10 to 15 nm on control foliar surfaces.

The effect of NaOCl treatment on the foliar globules

as viewed by AFM is shown in Figures 8 and 9. After 1

day, the globules remained relatively intact. By 5 days,

the globules were blurred and reduced in height to a range

of 3 to 8 nm. In both the NaOH and NaOCl treatments,

the surfaces became smoother and relatively featureless

with time.

Treatment of foliar chips for 48 h with the proteolytic

enzymes (carboxypeptidase B, endoproteinase glu-C, and

subtilisin) also led to the partial removal of the foliar

globules. In each case, as illustrated for carboxypeptidase

B (Figs. 10 and 1 1 ), the globules became indistinct and

reduced in height relative to control globules.
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Figures 1-6. Micrographs of unireated (control) chips of oyster shell folia.
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The surfaces of foliar chips that had been treated with

the antibody to the oyster shell protein were coated with

globular material as seen by AFM (Figs. 12 and 13).

These globules of immunoglobulins were 4 to 5 times as

large as the untreated foliar globules (compare Figs. 6

and 13).

AFM and SEM images of a foliar chip on which calcite

crystals were grown can be compared (Figs. 14-16). In

both types of micrographs, the newly formed crystals

appeared to be very smooth and to emerge from the foliar

surface at an oblique angle. Because these ectopic crystals

were not coated with protein, the atomic pattern of the

lattice surface could be resolved by AFM (Fig. 17).

The spacings and angles between the positions of hun-

dreds of atoms of the surface of crystal growth were

measured directly on several images by manual placement

of the cursor onscreen and use of the measurement tools

of the software. In addition, Fourier analysis was applied

to the average periodicities of the entire images. The AFM
software readily supplies measurements by both of these

approaches.

The measured atomic spatial relationships were then

compared to the theoretical spatial relationships generated

by computer models of various possible surfaces of calcite

(Cerius", molecular modeling software. Molecular Simu-

lations, Inc.). A similar approach has been helpful in iden-

tifying other calcite surfaces such as the (104) cleavage

surface of control calcite rhombohedrons and the (001)

basal plane of calcite nucleated on glass (Sikes et al..

1994), as well as the (1 -1 0) surface of calcite crystals

that were stabilized by the presence of polyaspartate

(Sikes and Wierzbicki, 1996).

The first identifiable surface of the ectopic foliar crys-

tals appeared to be the ( 1 - 1 0) plane of calcite. The

AFM atomic image (Fig. 17) was compared to a computer

model of the (1 -10) surface (Fig. 18). The measured

spacings and angles between the various atomic positions

matched within 5% of the theoretical values in all cases,

as explained in the legend of Figure 18.

Discussion

The results supported the identity of the foliar globules,

at least in part, as molecules of oyster shell protein, rather

than only mineral material. That is, the globules exhibited

(1) slow dissolution in NaOH and NaOCl, (2) reactivity

to an antibody specific to oyster shell protein, (3) partial

hydrolysis by proteolytic enzymes, and (4) morphological

similarity to ellipsoids and globules of isolated protein

from oyster shell as observed in prior studies.

The correspondence in size and appearance between

the foliar globules and the isolated molecules of the pro-

tein was evident in AFM images that were prepared in a

variety of ways. For example, the isolated protein was

bound to calcite and viewed by AFM both in fluids and

on rinsed, then dried crystals. The protein exhibited ellip-

soid and globular morphologies with lengths and widths

in the range of 30 to 100 nm, similar to those of the foliar

globules (Donachy et al.. 1992; Wierzbicki et al.. 1994;

Sikes et al.. 1994). The isolated protein also exhibited

comparable moiphologies when viewed either bound on

glass and mica in fluids or when dried onto these sub-

strates (Sikes and Wierzbicki, 1995a, b; 1996; Sikes et

a I.. 1997).

The protein used in the prior studies was obtained as

a distinct, reversed-phase peak from the EDTA-soluble,

proteinaceous matrix of the shells (Wheeler et al.. 1988;

Wheeler and Sikes, 1989; Rusenko et al.. 1991). The

peak is polydisperse, with an estimated gel-permeation

molecular mass of approximately 50 kD. The protein is

anionic with about 30% of the residues being aspartate

and nearly 30% being serine, much of which is phosphor-

ylated.

If the foliar globules are proteinaceous in part, they

would of necessity seem to be agglomerations. That is,

the AFM volume (4/3 k abc) of the foliar globular ellip-

soids of about 100 nm length {a = 50 nm), 50 nm width

(b = 25 nm), and 10 nm height (c = 5 nm) is 2.62 X

10"'^cm\ The theoretical molecular volume (4/3 tt r")

of a globular protein of the size of a typical soluble oyster

shell protein (M^, 50 kD, diameter —5.4 nm; Cantor and

Schimmel, 1980) is about 8.24 X 10"-Vm'. Comparison

of these values, assuming for the moment that the globules

are entirely protein, yields an estimate of about 318 mole-

cules of oyster shell protein per globule. Lower estimates

would result if larger proteins of the shell matrix were

Figure 1.

bar = 15 /jm

Figure 2.

Figure 3.

bar = 2 /jm.

Figure 4.

Figure 5.

Atomic force micrograph of a dry. untreated chip. Range of lath heights: 150-350 nm. Scale

Scanning electron micrograph of an untreated chip. Scale bar = 25 jxm.

Atomic force micrograph of a dry, untreated chip. Range of lath heights: 150-250 nm. Scale

Scanning electron micrograph of an untreated chip. Scale bar = 2 ^tm.

Atomic force micrograph of a dry, untreated chip. Total range of elevation within the imaged

area = 70 nm. Scale bar = 1 /jm.

Figure 6. Atomic force micrograph of a dry, untreated chip. Typical globular height = 10 to 15 nm:

maximum globular height in the imaged area = 40 nm. Scale bar = 250 nm.
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Figures 7-12. Atomic force micrographs of dry chips of oyster shell folia treated with vanous sub-

stances.
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considered. For example, the proteins from oyster shell

exhibit a continuum of molecular weights that ranges into

the millions for soluble fractions. Also present are insolu-

ble fractions with an amino acid composition similar to

that of the soluble proteins (Wheeler el al.. 1988).

Phosphoproteins similar to the oyster shell protein are

known to form micellar agglomerations in solution. For

example. Marsh (1989a. b) reviewed the associative be-

havior of casein and other phosphoproteins and demon-

strated that the phosphophoryn from tooth dentin forms

agglomerations that are held together via ionic interac-

tions with cations such as calcium and magnesium. Phos-

phophoryn, which— like the oyster shell protein— is

highly enriched in phosphoserine and aspartic acid,

formed particles of about 25 nm in diameter that con-

tained perhaps 75 monomers per particle.

AFM and TEM observations by Fincham et al. (1994,

1995) of 15-20 nm "nanospheres" on the calcium phos-

phate surfaces of developing enamel have also been inter-

preted as proteinaceous, composed of amelogenin pro-

teins. The amelogenins are smaller (~20kD) and more

hydrophobic than the typical oyster shell protein. The

amelogenic nanospheres are thought to be agglomerations

of greater than 100 monomers.

Globular ellipsoids in the range of 100 nm have also

been observed on the surfaces of CaCOj otoconia from

the inner ear of a newt (Hallworth et al.. 1995). The

otoconia were isolated intact and are known to have asso-

ciated proteins. Observed with AMF, the otoconial sur-

face globules were quite like the foliar globules in appear-

ance and were attributed to crystal formation as mediated

by the otoconial proteins.

Our results indicate that the foliar globules are probably

not composed solely of protein. The comparative images

revealed that the foliar globules were generally taller at

10 to 40 nm than the ellipsoids and globules of isolated

protein on calcite, mica, and glass, which had heights

generally in the range of a few nanometers. Furthermore,

the foliar globules resisted dissolution in NaOCl and

NaOH. Mutvei (1977, 1978) also reported the presence

of hypochlorite-resistant, "calcified"" organic matrices

associated with the surfaces of nacreous tablets of mol-

luscan shell, and Towe (1990) commented on the resis-

tance to household bleach of some matrix-like organic

molecules, particularly if they were intimately associated

with the mineral. Thus it seems that, in addition to protein,

the foliar globules may contain a phase of mineral salts

and perhaps water, as discussed below.

One assignment of the relative amounts of the mineral

and organic phases of shell can be made by quantifying

the weight of each component. Another assignment can

be made by comparing the volumes of each layer, taken

from the linear dimensions of each phase as seen in both

SEM and AFM images, correcting for density differences

of the mineral and the proteinaceous material. The ob-

served linear dimensions as determined by SEM and

AFM, although subject to different kinds of artifacts, were

in agreement, lending credence to the estimates.

The protein content of oyster shell has been variously

measured as ranging from perhaps a few tenths of 1% to

no more than 3% by weight in whole shells (Korringa,

1951: Weiner and Hood, 1975; Price et al., 1976; Ru-

senko, 1988; Rusenko et al.. 1991 ), with the protein con-

tent of the foliar layers alone placed at <1%. A lower

protein content for foliar layers is consistent with the

electron microscopic observations, all of which revealed

that the foliar layer lacks the thicker, "interlamellar""

organic layer of the prismatic regions of shell.

Given this range of values reported for protein content,

an analysis of the apparent, relative volumes of "nonmin-

eral" and mineral layers in a foliar lath as seen in both

electron micrographs and atomic force micrographs yields

an estimate of nonmineral content that is too high to be

attributable only to organic matter. For example. Watabe

and Wilbur (1961) and Watabe (1965) in electron micro-

scopic studies observed the laths to be composed of crys-

tal blocks that were surrounded by "intercrystalline"" or-

ganic material. The dimensions of each block ranged from

10 to 40 nm in width, 15 to 200 nm in height, and ~4 /jm

in length. The dimensions of the organic matrix ranged

Figure 7. Treatment: 1 N NaOH for 5 days. Total range of elevation within the imaged area = 80 nm:

range of globular heights = 4 to 30 nm. Scale bar = 500 nm.

Figure 8. Treatment: 5.25% NaOCl for 24 hours. Total range of elevation within the imaged area =

18 nm: heights of globular remnants = 3 to 6 nm. Scale bar = 250 nm.

Figure 9. Treatment: 5.25% NaOCl for 5 days. Total range of elevation within the imaged area =

16 nm: heights of globular remnants = 2 to 4 nm. Scale bar = 250 nm.

Figure 10. Treatment: Carboxypeptidase B for 48 hours. Total range of elevation within the imaged

area = 30 nm. heights of globular remnants = 3 to 5 nm. Scale bar = 1 ^m.

Figure 11. Treatment: Carboxypeptidase B for 48 hours. Total range of elevation within the imaged

area = 15 nm. Scale bar = 250 nm.

Figure 12. Treatment: An antibody to the isolated oyster shell protein. Foliar laths are obscured by

copiously bound antibody molecules. Scale bar = 5 /im.
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"^i

Figures 13-18
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from 12 nm to 20 nm, as also later recorded by Taylor et

al. (1969). These values for the dimensions both of the

crystal blocks and of the organic layers are similar to the

dimensions of the crystal laths and the foliar globules

observed by AFM and recorded herein.

Based on average values of these dimensions and a

simple calculation of the volume of the crystal block and

the volume of the encapsulating proteinaceous layer, cor-

rected for the density of calcite (2.71: Weast et ai. 1988)

and typical proteins (
— 1.35; White et al.. 1973). the pro-

tein content would be about 17% by weight, which of

course is too high. A plausible explanation for the high

estimate is that the foliar globules seen with AFM and

the organic layer seen in electron micrographs might con-

sist of both protein and mineral, with the latter filling in

spaces around and between the molecules of protein.

Another possible complication is that actual volumes

of the foliar globules and the AFM volumes might be

different, as sometimes occurs in AFM studies. The dis-

crepancy is most likely to reflect an overestimate of the

length and width of molecules. This kind of tip artifact

results when the inverted pyramidal AFM tip slides up

and down the sides of objects that are actually sharp.

giving a smoothed and widened appearance (Hansma et

al.. 1995: Giles ef a/.. 1994. 1995) and perhaps exaggerat-

ing the length or width by about 20%.

This convolution phenomenon is not a simple function

and does not always occur: as demonstrated by the com-

parison of the micrographs produced by SEM and AFM,
AFM showed true foliar morphology. Similarly, AFM
micrographs of peptides bound to calcite (Wierzbicki et

al.. 19^94: Sikes et al.. 1993. 1994. 1997) and of various

other molecules bound to flat substrates— for example,

DNA to mica (Hansma and Hoh, 1994: Hansma et ai,

1995)— revealed molecular morphologies that were con-

sistent with theory.

The height measurements at the top of an elevation,

particularly of Hrm surfaces such as the foliar globules,

are considered to be generally reliable, depending on the

method of standardization. We calibrate our scanners at

the micrometer level by use of commercial standards

(Digital Instruments) and at the angstrom level by use of

well-characterized crystals such as mica for the .v and v

axes, and calcite [the step height of the cleavage surface

(104)] for the z axis.

Overall, the results and analysis suggest that the foliar

globules are composed in significant part of protein. An
undefined mineral phase that fills in the spaces around

and within the foliar globules also may be a significant

component, along with water, gases, and other mineral

salts as minor components. In fact, Galtsoff (1964)

viewed initiation of oyster shell growth as crystallization

Figure 13. Atomic force micrograph of a dry chip of oyster shell folia that was treated with an antibody

to the isolated oyster shell protein. Total range of elevation within the imaged area = 150 nm (compare to

Fig. 6. a control chip al the same magniticalion). Scale bar = 250 nm.

Figure 14. Atomic force micrograph of calcite crystals that were nucleated on an untreated chip of

oyster shell folia at 10 mM Ca"*, 7 mM inorganic carbon, initial pH 8.3. in artificial seawater (imaged in

this fluid). Height of the central ectopic crystal = 340 nm. with a plane angle <10° between the crystal

surface and the underlying foliar surfaces. Scale bar = 2.5 /jm.

Figure 15. Scanning electron micrograph of calcite crystals that were nucleated on the oyster shell foliar

surface of Figure 14. Scale bar = 3 ^m.

Figure 16. Scanning electron micrograph of calcite crystals that were nucleated on the oyster shell foliar

surface of Figure 14. Scale bar = 2 /jm.

Figure 17. Atomic force micrograph of the lattice atoms of the surface of the central crystal of Figure

14, imaged in fluid as above. Total range of elevation within the imaged area = 3 A. Scale bar = 5 nm.

Figure 18. Computer diagram of the (1 -10) surface of calcite showing calcium atoms (grey) and

carbonate groups (with white oxygens) in alternating rows. The spacing between lattice positions in the

rows (diagonal upward, left to right) of both calcium atoms and carbonate groups is 4.99 A. The spacing

between lattice positions perpendicular to the rows (that is, between a calcium atom and the nearest oxygen

of an adjacent carbonate group) is 4.265 A. Both of these distances matched the spacings observed in the

AFM of Figure 17. The computer model showed that an oxygen of each carbonate group is elevated ~1 A
relative to the plane of calcium atoms, and therefore the most distinct and separate atoms of Figure 17 are

thought to be oxygen atoms. The specific carbonate oxygens that are most protuberant in each row differ

in alternating rows, creating a slight zig-zag pattern (the oxygens of alternating rows do not line up exactly

along the diagonal from upper left to lower right). This is visible in both the image of Figure 17 and the

model. Similarly, the lower atoms were measured in Figure 17 to be in agreement with theory at ~1 A
below the plane of the higher atoms, and thus are thought to be calcium atoms that blended together

somewhat in the image, probably owing to the interaction between the AFM tip and the lattice during

imaging in the troughs. The agreement between these and other features of the experimental image (Fig.

17) and the theoretical model (Fig. 18) lead to the assignment of the surface of the crystal as most likely

the ( 1 — 1 0) surface of calcite.
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within a gelatinous organic secretion of the mantle, with

the mineral imbedded within the matrix of organic matter

(see also Carriker et al.. 1980; Crenshaw. 1990),

Certainly, an important function of the oyster shell pro-

tein might be to nucleate calcite from the extrapallial fluid,

which would be supersaturated during shell formation.

However, the foliar globules were not particularly effec-

tive as crystal nucleators. That is. under metastable condi-

tions in the AFM assay at 2 to 5 mM DIC. which readily

supported growth of calcite seeds, there was no crystal

growth associated with the globules. Furthermore, under

the metastable conditions, exposed regions of mineral on

fracture surfaces at the sides or ends of laths did exhibit

crystal growth when the organic-coated foliar surfaces

did not. Even after 2 h at 5 niM DIC when crystals had

spontaneously nucleated and could be seen flowing past

the probe during scanning, (via the top-view videomicros-

copy capability of the AFM system) crystal growth was

not observed in association with the foliar globules.

It seems clear that a preexisting mineral phase would

be the best nucleator for further lattice formation of that

phase. In an AFM study of bivalve shell. Giles et al.

(1995) noted that aragonite growth of the molluscan na-

creous layer could have been nucleated by small regions

of uncoated mineral on nacreous tablets. Watabe (1981)

and later Manne et al. (1994) had previously offered this

as a mechanism for continued nucleation during growth

of nacre. In summary, it may be that the issue is not so

much the nucleation of calcite on the foliar surface, but

rather exactly how the foliar morphology is continually

sustained layer-upon-layer during growth of the shell.

If the nucleation of a new layer of calcite occurs on

exposed regions of calcite. the lack of ready nucleation

on the foliar surfaces suggests either that the putative

mineral phase of the foliar globules was not exposed to

the metastable fluid or that, if exposed, the mineral phase

is not crystalline calcite. An analogous aiTangement of

phosphoproteins and a mineral phase has been observed

in some molluscs. For example, agglomerations of phos-

phoproteins and mineral salts (sometimes an amorphous

calcium phosphate phase) of about 40-nm diameter have

been reported as part of a nonmineralizing. organic la-

mella that contacts the shells of some molluscs (Marsh

and Sass, 1983. 1984). These particles also occur in the

fluids that bathe the shell in some molluscs, but they were

not observed in the American oyster (Marsh and Sass,

1985). Again, neither these globules nor the aforemen-

tioned agglomerations of dentin phosphophoryn. which

also are thought to contain an amorphous mineral phase,

seemed to act as nucleators of the crystalline mineral

phase of shell or teeth (Marsh, 1986, 1989a, b, 1994).

The crystallographic identity of the foliar surface of

oyster shell has been studied by several authors with dif-

ferent results. For example, on the basis of X-ray data,

Wada (1963. 1968) and Watabe (1965. 1981) assigned

the foliar surfaces as the basal plane (001 ). with the sides

probably hexagonal planes, essentially similar to the crys-

tallographic arrangement of molluscan prismatic nacre.

In this case, the r-axis would be perpendicular to the

foliar surface, with the hexagonal planes parallel to the

t-axis. The oyster shell protein is thought to have high

affinity for each of these surfaces (Sikes et al.. 1993,

1994: Sikes and Wierzbicki, 1995a. b, 1996; Wierzbicki

et al.. 1994, including references to other workers).

In contrast. Taylor et al. (1969) used optical measure-

ments and X-ray patterns to suggest that the plane of

foliation was not (001) and that the c-axis was inclined

to the foliar plane at a shallow angle (26° in Placuna

placenta). These authors also theorized that there may,

in fact, be no definable crystallographic plane of initial

foliation of each layer in that the foliar crystals are not

planar on top when viewed in both surface and cross-

sectional electron micrographs. Giles et al. (1995) further

considered the rounded globules of hypochlorite-treated

nacre as inorganic, aragonite surfaces that possibly con-

sisted of many steps at the nanoscale, thus suggesting a

complex mechanism of ci^stal growth.

Runnegar ( 1 984) also made extensive X-ray and optical

assessments of the crystallography of foliar layers from

various bivalves, including C. virginica. From these stud-

ies, he noted an inclination of the t-axis relative to the

foliar plane. Using scanning electron micrographs and

aluminum models of calcite rhombohedrons ectopically

grown from hypochlorite-treated foliar chips, he further

demonstrated this inclination by the tilted appearance of

the crystals and models relative to the foliar surface. The

oyster shells of his study exhibited folia with more than

one type of inclination of the r-axis. even within a single

shell. Runnegar acknowledged that the reports of (001)

foliar surfaces in some specimens by other workers also

seemed to be correct, although he did not observe this

arrangement.

Our observations of calcite crystals grown on untreated

chips of oyster shell folia at 7 mAf DIC in the AFM assay

support the findings of both Taylor et al. (1969) and

Runnegar (1984). Even the early stages of crystal forma-

tion often exhibited an inclination of the ectopic crystals

relative to the foliar surface. The (1 - 1 0) plane of calcite

appeared as a principal surface identifiable by AFM dur-

ing the early growth of the crystals. This plane is parallel

to the c-axis. and therefore its angle of inclination is the

same as that of the c-axis. By use of the plane-angle

function of the AFM imaging software, which is designed

for first designating planes of interest and then calculating

the angles between them, angles between the foliar plane

and the ectopic crystal surfaces were measured. In a few
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cases, angles close to 64° (Runnegar's type 3 arrange-

ment) were observed. However, much shallower angles

were frequently seen as well.

The (1 -10) surface of calcite is one of several sur-

faces that are likely to be expressed during ectopic crystal

growth, particularly at the higher of the supersaturations

used herein, which actually were significantly lower than

those of Runnegar (1984). Although crystals did not ap-

pear to nucleate on the foliar globules at our lower super-

saturations (<5mM DIC). the higher supersaturations

( 3=7 mM DIC) did result in rapid and widespread crystal

growth on the foliar surfaces. Even so. the precise site of

nucleation was not easily discernible because the ectopic

crystals usually spanned more than one lath, as well as

the sides of laths. The exact spatial and crystallographic

relationships, if any. between the foliar globules and

calcite nucleation will require further study under con-

trolled conditions of metastable supersaturation that re-

flect conditions //; vivo.
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Introduction

This workshop, entitled "The Cytoskeleton: Me-

chanical, Physical, and Biological Interactions," was

sponsored by the Center for Advanced Studies in the

Space Life Sciences at the Marine Biological Labora-

tory. This Center was established through a cooperative

agreement between the MEL and the Life Sciences Di-

vision of the National Aeronautics and Space Adminis-

tration. The Center is charged to act as an interface

between NASA and the basic science community, pro-

moting interactions and discussions in areas of basic

biology that are of mutual interest. To achieve these

goals, the Center sponsors a series of workshops on

various topics in the life sciences, including cell biol-

ogy, developmental biology, evolutionary biology, mo-

lecular biology, neurobiology, plant biology, and sys-

tems biology.

Elements of the cytoskeleton have been implicated

in the effects of gravity on the growth of plants and

fungi. An intriguing finding in this regard is the report

by Wayne et al. (1992) indicating that an integrin-like

protein may be the gravireceptor in the internodal cells

of Chara. Involvement of the cytoskeleton in cellular

graviperception of the basidiomycete Flammulina velii-

tipes has also been reported (Monzer, 1995). Although

the responses of mammalian cells to gravity are not

well documented, Ingber ( 1991 ) has proposed that inte-

grins— which are involved in both transmembrane sig-

naling and the formation of structural connections be-

tween the extracellular matrix and the cytoskeleton

(Sastry and Horwitz, 1993)— can act as mechanochem-

ical transducers in mammalian cells. Ever increasing

evidence supports this notion (Shyy and Chien, 1997).

At a previous workshop at the MBL, on the "Future

of Aquatic Research in Space," Baxter attempted to

This paper was onginally presented at a workshop titled The Cytoskel-

eton: Mechanical, Physical, and Biological Interactions. The workshop,

which was held at the Marine Biological Laboratory, Woods Hole.

Massachusetts, from 15-17 November 1996, was sponsored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Administration under

Cooperative Agreement NCC 2-896.

reconcile the differences between theoretical predic-

tions and empirical findings about gravity-dependent

changes in cellular activities (Baxter and Byrne. 1997).

A potential similarity between the effects of micrograv-

ity and shear stress on mammalian cells (Schmitt et al.

1996; Hu and Chien. 1997) may provide the clues we

require to resolve this apparent dichotomy. Thus,

whereas Schmitt et al, (1996) have shown that the dis-

tribution of protein kinase C in human leukocytes is

altered in microgravity, Hu and Chien (1997) have

shown that shear stress affects the distribution of pro-

tein kinase C in endothelial cells.

Mechanical stress induced by shear force produces

a rapid reorganization of the cytoskeleton. including

rearrangement of actin and vimentin filaments in endo-

thelial cells (Davies et al. 1997; Goldman, discussion

at this workshop). This cellular response to mechanical

stress is reminiscent of alterations in the cytoskeleton

detected in response to heat shock (Morimoto. at this

workshop [See list. "Published by Title Only"]; Welch

et al, 1985; Walter et al, 1990) and related stress

(Haskin et al, 1993). In his introductory remarks at

this workshop on the cytoskeleton. Bob Goldman

pointed out that understanding the molecular bases of

the cellular responses to mechanical stress in ground-

based studies is currently the best available approach

to delineating the potential role of microgravity at the

cellular level. Goldman further indicated that since lit-

tle is known about the integrated mechanical and physi-

cal properties of cytoplasm, this workshop would be

the best place to begin developing interdisciplinary ap-

proaches to the effects of mechanical stresses on cells

and on their most likely responsive cytoplasmic ele-

ments— the fibrous proteins comprising the cyto-

skeleton.

The program for this meeting, arranged by Bob Gold-

man and Paul Janmey, brought many of the world's

leading authorities to Woods Hole in an attempt to es-

tablish communication links amongst physicists, bio-

chemists, and cell biologists, all approaching this prob-

lem from different perspectives.
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Bob Goldman concluded his introduction to the

meeting with the following statement:

It is especially appropriate that this meeting is be-

ing held here at the Marine Biological Labora-

tory— and in this particular Lillie Auditorium,

since this is the place in which Jacques Loeb, Frank

Lillie, Charles Whitman and others first attempted

to integrate chemistry and physics into studies of

cellular structure.

E.A. Dawidowicz

Center for Advanced Studies in the

Space Life Sciences at the MEL
Woods Hole, Massachusetts
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Cellular Basis of Mechanotransduction

DONALD E. INGBER

Departments of Pathology and Surgery: Children 's Hospital and Hanard Medical School,

Boston, Massachusetts 02115

Physical forces, such as those due to gravity, are funda-

mental regulators of tissue development. To influence

morphogenesis, mechanical forces must alter growth and

function. Yet little is known about how cells convert me-

chanical signals into a chemical response. This presenta-

tion attempts to place the potential molecular mediators of

mechanotransduction within the context of the structural

complexity of living cells.

Our experimental approach is based on the hypothesis

that cells use tensegrity architecture to structure them-

selves (Ingber, 1993, 1998; Ingber and Jamieson, 1985).

Most man-made structures gain their stability through

continuous compression; one element weighs down on

the element below due to the force of gravity. In contrast,

tensegrity structures stabilize themselves through continu-

ous tension that is distributed across all of the structural

elements and balanced by a subset of these elements that

resist compression locally. These internal struts generate

an internal tension or "prestress" that mechanically stabi-

lizes the entire structure. Tensegrity cell models com-

posed of sticks and elastic string (Fig. 1) predict many

complex cell behaviors, including how cells change shape

when they adhere to rigid or flexible extracellular matrices

(Ingber, 1993, 1998; Ingber and Jamieson, 1985). Tenseg-

rity models also predict that cells and nuclei are hard-

wired to respond immediately to mechanical stresses

transmitted over cell surface receptors that physically cou-

ple the cytoskeleton to the extracellular matrix and to

other cells.

We recently developed a technique to apply controlled

This paper was originally presented at a workshop titled The Cytoskel-

eton: Mechanical. Physical, and Biological Interactions. The workshop,

which was held at the Marine Biological Laboratory, Woods Hole.

Massachusetts, from 15-17 November 1996, was sponsored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Administration under

Cooperative Agreement NCC 2-896.

mechanical forces (rotational shear stresses) to cell sur-

face receptors in living cells. In brief, magnetic micro-

spheres are coated with specific receptor ligands and are

thus bound to the cell surface. The microspheres are mag-

netically twisted, and their rotation (angular strain) is si-

multaneously quantified. Using this method, magnetic

twi.sting cytometry (Wang et ai, 1993; Wang and Ingber,

1995), we have been able to confirm that extracellular

matrix receptors, such as integrins, and cell-cell adhesion

receptors (e.g.. E-selectin) provide preferred paths for me-

chanical signal transfer across the cell surface and to the

internal cytoskeleton (Wang et ai. 1993; Wang and

Ingber, 1995; Yoshida et ai. 1996). We also were able

to show directly that living cells behave mechanically as

if they were tensegrity structures. Our evidence includes

a demonstration of linear stiffening behavior; results indi-

cating that cell stiffness depends on internal prestress in

the cytoskeleton; and data showing that microtubules re-

sist lateral compression in the cytoplasm (Wang et ai.

1993; Wang and Ingber, 1994, 1995; Stamenovic et ai,

1996; Maniotis et ai. 1997; Tagawa et ai, 1997; Lee et

ai. 1998). In addition, we have been able to demonstrate

that pulling on cell surface integrins with matrix-coated

micropipettes in living cells results in immediate realign-

ment of cytoskeletal filaments, as well as tension-depen-

dent changes in structure inside the nucleus (Maniotis et

ai, 1997). This latter finding directly confirms the exis-

tence of hard-wiring (mediated by intermediate filaments

and actin microfilaments) in cells and emphasizes that

conventional biomechanical models of the cell based on

a viscous cytosol surrounded by an elastic membrane are

not accurate or useful when considering the molecular

basis of cell mechanics.

The finding that integrins mediate the transfer of me-

chanical signals across cellular membranes is important

for tissue physiology because integrins also coordinate

other forms of signal transduction in the cell. Many sig-
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Figure 1. A tensegrity model composed of sticks and elastic strings.

This model rounds up on a flexible substrate (upper panel), but it spreads

when attached to a rigid foundation (lower panel), much like a living

cell (Inaher. 1993. 1998; Inabcr and Jamieson, 1985).

nal-trans(Jucing molecules associate with cytoskeletal

scaffolds within the focal adhesion complex and appear

to concentrate at the site of integrin binding (Plopper et

al.. 1995). Importantly, these same signaling components

mediate the cellular effects of soluble growth factors and

insoluble extracellular matrix, as well as mechanical

forces. Thus, integrins are perfectly poised to mediate

mechanochemical transduction. We have found, in fact,

that cells can be switched between programs of growth,

differentiation, and apoptosis by changing the balance of

forces across cell surface integrins and thus altering cell

shape (Ingber and Folkman, 1989; Ingber, 1990; Singhvi

eral., 1994; Chen erfl/., 1997). These results demonstrate

that while extracellular matrix, growth factors, and me-

chanical forces all contribute to cellular regulation, me-

chanical signals are the dominant regulators.

Mechanical stresses may be integrated with other envi-

ronmental signals and transduced into a biochemical re-

sponse through force-dependent changes in cytoskeletal

scaffold geoinetry or through local changes in molecular

shape that alter chemical potential and thereby influence

thermodynamic parameters (Ingber. 1997; Chicurel et al.,

1998a). For example, we have recently found that increas-

ing tension across integrins results in cytoskeletal restruc-

turing events that lead to the creation of a cellular micro-

compartment specialized for local protein synthesis at the

site of integrin binding (Chicurel el al.. 1998b). Taken

together, our results suggest that tensegrity provides a

niechanism to focus mechanical energy on critical molec-

Lilar transducers and to both orchestrate and tune the cellu-

lar response to mechanical stress (Ingber, 1993, 1997,

1998; Chicurel <?/«/., 1998a). Tensegrity also may explain

how stresses are transmitted through tissues, and how

cellular responses are integrated within the hierarchical

complexity of living tissues and organs (Ingber and

Jamieson, 1985; Ingber, 1993, 1998; Chen and Ingber,

1998).
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Discussion

BoRiSY: How do you imagine that the nucleus is receiving

and transmitting the mechanical signal into a chemical signal,

especially since there are no intermediate filaments, microtu-

bules, or actin filaments within the nucleus?

Ingber; We believe that mechanical connections to the nu-

cleus effect changes in chemical signals at the plasma mem-

brane. There are also data suggesting that nuclear pore size and

nuclear transport rates are being affected at the nucleus. Some

studies suggest that the nuclear pores are distorted when nuclei

spread, affecting the efficiency of nuclear transport. This is of

interest to us because we find that cells need to spread late in

Gl to get into S phase, and nuclear transport of large enzyme

complexes is a requirement for S phase entry late in Gl. We
can harpoon the nucleus, pull out all of the nucleoplasm on a

string in interphase or pull out all the chromosomes on a string

in metaphase. then add a small amount of magnesium, and all

these structures unwind. After dilution of the magnesium, they

all rewind to reconstruct their original form and position (Mani-

otis et ai. 1997. / Cellul. Biochem. 65: I 14-130). This effect

is not nonspecific; rather it is DNA-based. The structure of

DNA and its nuclear matrix scaffoldings are being affected.

The literature tells how DNA is wound on the nuclear matrix,

which dictates its regulation. I think that there are things in the

nucleus that are load-bearing and by pulling on them we may

change their kinetics and thermodynamics. This also may in-

crease the efficiency, possibly allowing specific transcription

factors to enter certain sites on parts of transcriptionally active

DNA near the nuclear matrix. But it is not going to be a simple

on-off process. We need to continue developing the techniques

to study these effects.

MACINTOSH: Are there any other ways to look for the develop-

ment of nonrandom networks of this kind? Obviously one could

look for order of some kind. My second question relates to

prestressed fibers. How do you visualize prestressed fibers in a

network where many of the crosslinks are highly dynamic and

transient?

Ingber; Our view of the cytoskeleton is almost exclusively

based on the use of immunofluorescence microscopy, which

presents a problem of limited resolution. We think that actin

stress fibers are "floating" in a black sea of cytoplasm. That

sea is filled with a continuous network of actin filaments in

loose polygonal arrangements, perhaps more actin than in stress

fibers. Dynamic polymerization on a stress fiber can be de-

scribed in terms of a molecular rope made up of many smaller

ropes, with the group in the middle maintatning mechanical

connectedness as the outer rope components "polymerize" on

and off. In terms of cross-links and dynamics. I believe that the

actin cytoskeleton is a tensegrity structure which immediately

responds to a quick pull on its attachments to the cell surface

by slightly realigning all its elements; through tensegrity you

get flexibility out of a structure, even when it contains nonexten-

sible or rigid elements. There also may be some regions that

exhibit relatively increased distortion which may change molec-

ular shape and thus alter local thermodynamic parameters and.

hence, influence molecular biochemistry (Ingber, 1997. Annii.

Rev. PInsiol. 59: 575-599). For example, this could influence

rates of cross-link breakage and reformation or alter cytoskeletal

filament polymerization as has been ob,served for microtubules.

If the mechanical stress is sustained, as might be expected for

an adhesive interaction with a substrate, then this process would

proceed in an iterative manner and result in progressively

greater levels of cytoskeletal restructuring as is observed in

spreading cells.

In response to your first question about patterns: there is a

lot of order in the cytoskeleton. Mathematical descriptions of

our tensegrity model predict the linear stiffening behavior we

observe in living cells whether the models incorporate elastic

elements and rigid struts or nonextensible tensile elements and

buckleable struts. I believe this latter configuration is really how
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it works with microtubules or cross-linked bundles of actin

filaments acting as the buckleable struts. This is now clear from

the work of Andrew Matus (Kaech et al.. 1996. Neuron 17:

1 189- 1 199). intermediate filaments are also coils that are basi-

cally extensible structures that can change in length and that

mechanically couple the nucleus to cell surface receptors (Mani-

otis et a!.. 1997. Proc. Natl. Acad. Sci. USA 94: 849-854).

Many cells also contain titin, which is a highly elastic molecule.

1 think the cell builds hierarchically; ifs not just six struts in a

cell. That's why after a cell is cut with a microneedle, each

piece has the properties of the whole system, such as the ability

to move, as shown many years ago by Gunter Albrecht-Buehler.

Stewart: It seems to me that there are two elements in this

about the idea of mechanical transduction in the nucleus. What

concerns me is that the elements in the nucleus that are involved

in gene expression are not likely to be bearing the loads that

are going to come down through the nucleus.

Ingber: We have data to show that we reorient the mitotic

spindle by pulling on integrins in a mitotic cell. So we are

getting force to every chromosome.

STEWART: Yes, but the mitotic spindle is not involved in

transcription.

Ingber I showed pictures where we have analyzed SC35

splicing sites. Don Coffey and co-workers have shown (Pienta

et al., 1991. Crit. Rev. Eiikanot. Gene E.xpr. 1: 353-385) that

the parts of the genome actively involved in transcription are

on the nuclear matrix. He has mapped the genes on a prostate

cell that is sensitive to androgen and finds that they are all at

the base of DNA loops on the nuclear matrix, which is probably

part of a load-bearing scaffolding. After castration the animal

loses androgen sensitivity, becoming estrogen sensitive within

hours. Within a matter of hours, those same genes are at the

tip of the loop. These genes that have been turned on were at

the bottom, in physical interconnection with the load-bearing

system. You may have your conception, but I believe that we

have actual data to show that it is not correct.

STEWART: How can this happen by just applying a mechanical

stress? It seems to me that there are well-documented pathways

involving chemical messages that could easily come from the

cytoskeleton. One of the principal regulatory roles in terms of

communication between the nucleus and the cytoplasm is that

elements are immobilized on the cytoskeleton— NFkappaB, for

example. You could easily imagine that being released and

transported.

Ingber: I completely agree with that. That is why the first

thing I said in answer to your question was that the initial effect

of mechanical force is to change chemicals in the cytoplasm.

It is not one or the other, it is both. I think most cells have

specialized structures, like mechanoreceptor cells, to take the

load. A pressure-sensitive cell in your skin has lots of matrix

so when you press once it feels it, then the stress dissipates.

Different cells are structured so that stress may never get to the

nucleus, in terms of causing a change. I'm not saying that when

you stretch the nucleus you make it grow. In G2 phase the

nucleus spreads all the time, you don't get S phase. My point

is that if you have all the chemicals coming from the cytoplasm,

you don't get the same result; it will depend on the structure

of the nucleus. All of these factors are necessary, but not suffi-

cient; and they are all interdependent. This is just another poten-

tial way to feed in information. Half of my lab work is based

on what you are talking about (that is, chemical signaling) be-

cause we think it is equally important.

STEWART: To make it plausible you need to first show that

the forces are being distributed to the elements that are working,

as opposed to the nucleus itself You have to provide some

sort of mechanism whereby those forces can produce realistic

effects. You need to think of the magnitude of the forces com-

pared to the elements that are involved in actually changing the

structure of the chromatin. I am concerned that the forces that

are involved and are going to produce the regulatory changes

of the nucleus are rather large compared to the mechanical

forces that you are likely to be able to concentrate.

IngbeR: We don't necessarily have to distort anything to

affect function. If you have a spring that vibrates and you change

the center of gravity of that spring, you change its vibration;

you change kinetics. If you slightly distort the spring you can

change kinetics without having to distort the whole thing. But

I agree with you. It has taken a number of years for me to reach

this point. We have had to combat the arguments that you can't

get force to the nucleus, by testing it. Right now, I don't know

how this works at the level of transcription. However, my only

point is that forces applied to the cell surface can get to the

nucleus. Just because we can't envision a mechanism doesn't

mean that it doesn't happen.

Forgacs: I wish to propose an alternative idea which is based

on percolative networks. This is more random than tensegrity.

Tensegrity structures appear more ordered than percolative

structures. I would like to point out that the linear stress-strain

relationship is a generic feature of connective networks. Perco-

lative structures possess exactly the same behavior.

IngbeR; Only if they are prestressed, and we are talking about

linear stress-stiffness curves here, not linear stress-strain.

Forgacs: Percolative structure can basically produce the

same thing once you fix the network somehow, which you may

refer to as prestressed. My question concerns how mechanical

forces can induce relevant changes. We had the model calcula-

tion which shows that mechanical forces of the magnitude that

can be produced in percolative networks can really kick mole-

cules bound to the cytoskeleton and bring them from one molec-

ular or quantum energy level to another. 1 interpret this as going

from one conformation to another. It would be nice if someone

would design an experiment to test this theoretical possibility.

Ingber: Percolation presents a complementary view to under-

stand the connectivity of these networks: how you go from

losing connections to having connections, and how signals

transmit over this. However, I don't think that percolation can

predict the patterning and mechanical response of these struc-

tures in living cells (Ingber, 1998. Proceedings of the Les

Houches Meeting on Dynamical Nern-orks in Physics and Biol-

ogy. France, Springer-Verlag. In press).
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GuNDERSEN: As a biochemist. I believe there are mechanical

effects on cells and that this is an important component of how

cells respond to their environment. Your tensegrity models seem

to predict fairly well some of the basic properties of cells.

However, you never labeled your models. What are the struts

and what are the elements tying them? 1 am interested in

whether there is a 1 ; 1 correspondence between your rods and

the tie elements to some cytoskeletal structure? Is this a good

representation of the behavior of those elements in the cell? Is

it possible that there may be other things in the cell, for example,

the dynamics of the filaments, that contribute to the behavior

of your tensegrity models?

Ingber: In the video I showed, our modeled networks of

actomyosin and those individual struts are 3.6 /jm in length.

The geodesic nets and linear stress fibers created by those mod-

els exhibit structural features that are exactly those predicted

from analysis of the actomyosin network in living cells based

on thin section transmission electron microscopy (Lazarides,

1976. J. Cell Biol. 68: 202-219; Osborn et ai. 1978. Cell 14:

477-488). Our model is exactly precise, strut for strut, vertex

for vertex, at least in this context. In terms of the compression

elements, Steve Heidemann and co-workers (Joshi et al.. 1985,

J. Cell Biol. 101: 697 -705) have shown that bundles of microtu-

bules in the neurite act like compression struts. Andrew Matus

has recently shown this directly in cells containing microtubules

labeled with green fluorescent protein. They are being pulled

by actin and balanced by matrix tethers, just as we are saying

here. The matrix itself consists of local compression struts, due

to the distribution of forces between focal adhesion at either

end of the same stress fiber, resulting in the stability of the

whole cell, which is globally tensile. Thus the cell is a tensegrity

structure, based on definition at the whole cell level. I have

shown you that connecting single microtubules with many acto-

myosin filament nets with dimensions of 3.6 ^im creates hierar-

chical structures, again with tensegrity-based mechanical stabil-

ity. We are just beginning to develop testable hypotheses. If

that is true, we should be able to determine curvature of a

microtubule on a specific size scale and ranges of amplitude,

and how changing contractility affects that. That is where we

are heading.

GunderseN; Do you think you could isolate, in a biochemical

sense, something that would behave like your stick and strut

models? What I am asking is, can you do the biochemistry

behind the tensegrity models? Do you think that is possible?

Ingber Steve Heidemann has used tensegrity to define a

thermodynamic model that explains how microtubule polymer-

ization is regulated. This also explains microtubule polymeriza-

tion in hepatocytes, as we have published. I must emphasize

that as cells stick and spread they go from round to a pancake.

We have measured this and find no correlation between the

total amount of actin, microtubule or intermediate filaments,

and spreading.

Gundersen; Maybe it is in their dynamics. The dynamics of

all these filaments is very sensitive to all kinds of different

changes.

Ingber What I am saying is that actin polymerization goes

up 20-fold when an isolated hepatocyte attaches to a matrix-

coated dish, with no change in shape. It then goes down 20-

fold, with no change in shape. When the cell goes from round

to a pancake, microtubules are constant; intermediate filaments

are constant. You could argue that it is changing in a local

domain. This may be so, but it is not a global, viscous polymer-

ization. It does change when the cell is moving and forming

ruffling edges; 1 totally agree with that. However, I don't believe

that it is possible to explain mechanotransduction and higher

order integration on the basis of a single molecule. If you are

asking whether we can identify an assemblage of these elements

that have certain mechanical properties, my answer is "I hope

so." One possible approach would be to look at self-assembly

reactions in whole cell extracts. This has been done with the

mitotic spindle, which we believe behaves in similar ways: that

is, it is a unit that stiffens by global transmission of tensile

forces that are resisted internally by multiple microtubule struts.

BarakaT: There is evidence that small forces, such as shear

stresses over endothelial cells of a magnitude less than 1, and

even as low as 0.1 dyne per square centimeter, can elicit bio-

chemical responses. These forces are thought to be significantly

smaller than what is required to induce mechanical deformation

in certain cytoskeletal elements. Do you think that the fact that

these small forces elicit biochemical responses is consistent

with the notion of tensegrity?

Ingber: Is there any knowledge about the frequency of those

stimulations? One can change the harmonics without changing

the deformation and get some of the same things. These struc-

tures are coupled harmonic oscillators; by banging the whole

cell the nucleus starts moving with the same frequency.
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A number of morphogenetic phenomena in early devel-

opment, as well as ;;; vitro experiments, suggest that em-

bryonic tissues in many respect behave as liquids. A small

chunk of such tissue, originally of arbitrary shape, will

eventually assume an almost perfectly spherical shape

when left alone in the medium. When two such tissues

are placed contiguously, a state reminiscent of that of

immiscible fluids of different surface tensions (in the ab-

sence of gravity) is reached: one tissue spreads, engulfs,

and eventually surrounds the other. The same final con-

figuration can be attained in a sorting out assay, when
the cells of the two tissues are initially intermixed. The

properties leading to the final states in the engulfment

and sorting out experiments are transitive: if tissue A is

spread upon by tissue B, and B spread upon by C. then

A will be spread upon by C if the two tissues are mutually

adhesive. The prediction of transitivity in the mutual

spreading preferences of embryonic tissues was the basis

of a test of the "differential adhesion hypothesis (DAH)
(Steinberg, 1970); i.e.. the liquid-like behavior of cell

populations is attributed to the surface tensions of the

tissues, which is postulated to arise from adhesive and

cohesive interactions of their component cells. Surface

and interfacial tensions are equilibrium properties govern-

ing the final configurations assumed by the tissues. If

embryonic tissues indeed possess liquid properties, it is

their viscoelastic characteristics that determine how equi-

librium is reached.

Here 1 describe a method for defining and simultane-

This paper was originally presented at a workshop titled The Cytoskel-

eton: Mechanical. Physical, anil Biological Interactions. The workshop,

which was held at the Marine Biological Laboratory. Woods Hole,

Massachusetts, from 15-17 November 1996. was sponsored by the
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ously measuring the surface tensions and viscoelastic

properties of tissues. Spherical cell aggregates are placed

between the plates of a specifically designed parallel plate

apparatus (Fig. 1). compressed with a known force, and

allowed to equilibrate (Fig. 2). The surface tension is

determined from the equilibrium force and the change in

shape of the aggregate using Laplace's equation (Foty et

ai. 1994). Measurements of the surface tension of several

embryonic tissues are presented and correlated with the

mutual spreading behavior of these tissues (Foty et ai,

1996). It is demonstrated that tissue surface tension is

indeed a well-defined intensive physical parameter: it

does not depend on sample variability or the specific con-

ditions under which it is measured. In particular, it is

independent of the size of the aggregate and the magni-

tude of the compressive force.

Viscoelastic properties are modeled by a generalized

Kelvin body, extensively used to interpret viscoelasticity

in biological materials (Fung. 1993). The Kelvin body is

an appropriately constructed circuit of springs (to model

elasticity) and dashpots (to model viscosity). The predic-

tion of the model is compared with the force relaxation

curve obtained after compression. The analysis shows that

embryonic tissues are very well characterized in terms of

two relaxation times: a shorter one defined by the early

elastic response, and a longer one defined by the later

viscous response.

As postulated in the differential adhesion hypothesis,

the surface tension is correlated with the number of cell

adhesion molecules, most of which are transmembrane

proteins attached to the cytoskeleton. Recent experimental

results suggest that the measured values of the tensions

may strongly depend on the state of the cytoskeleton,

the interconnected, intracellular, filamentous structure of

macromolecules. The measured physical parameters (sur-

face tension, viscosity, elastic constants, and relaxation

times) can be related to biologically relevant quantities

328
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Figure 1. Schematic representation of the compression plate appa-

ratus. Spherical cell aggregates (A) are positioned between the upper

and lower compression plates (UCP and LCP, respectively). The UCP
is suspended from the arm of an electrobalance, which records the

compressive force that is exerted on the aggregate when the lower

assembly (LA) is turned. The evolution of the compressive force with

time is continuously recorded by a computer.

30 50 70 90 110
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Figure 2. A characteristic compressive relaxation curve as recorded

by the computer. The one shown comes from a chick embryonic heart

aggregate. This curve is matched with the one predicted by the Kelvin

body in terms of the physical parameters mentioned in the text.

like the strength of binding between cell adhesion mole-

cules and their characteristic lifetimes.
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Discussion

Schwartz: How do you know whether cytochalasin lowers

surface tension by reducing tension inside the cell or by affect-

ing cadherins and cell-cell adhesion?

Forgacs: Since cadherins are known to be coupled to the

actin cytoskeleton, I believe cytochalasin affects them both.

Coulombe: How much time is required for these cells to

sort out? Does this require de novo gene expression, or cie novo

protein synthesis? Does it occur in the presence of cyclohexa-

mide?

Forgacs: I can tell you that it takes about 20 h for these

cells to divide under the conditions of the experiment, and it

takes anywhere from 2 to 1 5 h for the compression force to fully

relax, depending on the tissue type; neural retina, for example.

relaxes in about 2 h. We have not performed experiments in

the presence of cyclohexamide.

Bruinsma: Your finding that the effect of surface tension

for all these cells is proportional to the number of cadherins

would naively suggest that cadherins are not cooperative but

work independently of one another. (Forgacs: Not necessarily.)

It has been shown that cadherins have a strong tendency to

aggregate in strings. In general, with focal adhesion you

wouldn't expect the effect of tension to be proportional to the

number of adhesion molecules.

Forgacs: Those experiments show that this tension, which

we call effective surface tension, is linearly proportional to the

number of cadherins. You are correct in saying that there is
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Strong evidence that cadherins bundle up. When we use fluo-

rescence microscopy to look at the cell surface to see what

happens to the cadherins during relaxation, we detect fluorescent

patches over the whole surface. This could reflect how the ag-

gregates are prepared, which may not be the same as in the

body. I expect that the connections are stronger when there are

more cadherins in a focal contact. Even when cadherins are

bundled, the overall cohesiveness of the tissue manifested in

the value of the measured surface tension may still be propor-

tional to the number of cadherins. Attachment of cadherins to

the cytoskeleton is also a factor.

Janmey; In your model, it looks as though recovery of shape

soon after deformation is the result of passive mechanical or

elastic recovery. In that case, you might be able to separate

the cytochalasin effect froin its effect on selectin efficiency or

function by determining whether cytochalasin alters the first

elastic recovery. If this sits for a long time, recovery to the

spherical state requires cell migration and reformation of cell-

cell contacts that are not necessary after the quick recovery. If

you look at those two kinds of relaxations, do you see systematic

differences?

FoRGACs: These findings are recent. We have not checked

the effect of cytochalasin on viscosity. We do see the early

response in terms of the short relaxation time, which I interpret

as an elastic response. We also see much longer relaxation

times, which I interpret in terms of viscous relaxation. Our

ability to fit these experimental results with two relaxation

times, two exponentials, fits nicely with local changes at the

level of a single cell followed by cooperative phenomena as

the cells line up with each other.

Borisy: I would like you to go into the formalism of surface

tension and viscosity. I am worried that unless we penetrate the

formalism and try to explain it in molecular terms, the formal-

ism may be misleading. Could you comment on what you think

is responsible for the behavior that gives rise to this formalism?

Surface tension could be a counter for some minimization or

maximization principle. With an oil droplet in water, for exam-

ple, we can talk about maximization of hydrogen bonds of water

molecules as driving the spherical shape. There may be a similar

principle that can account for the behavior of cells in these

aggregates which could also be described in terms of surface

tension. What we would like to understand is what are these

minimization principles? What is operating? What do you think

is responsible for this formalism?

FoRGACS: You are asking a difficult question. The ultimate

goal, of course, is to relate measurable physical properties such

as surface tension to molecular mechanisms. At this point we

take the physicists' attitude, namely we use the simplest possible

formalism to explain our experimental results, and that is sur-

face tension. What about the molecular details? Recent experi-

mental results suggest that the number of cadherins and the

resultant strength of cohesion are important contributions to

what we call surface tension, but this is not the full story.

Although we have some idea of the forces involved, we are

unable, at this point, to interpret surface tension in terms of

these forces alone. This does not mean that our fomialism is

wrong; it means that there are certain factors that we don't

understand. We do not know, for example, how to quantify the

effect of cytoskeletal attachments.

Chen: I am trying to extend your analysis to understand what

is going on. By analogy with properties of liquids. I think that

your measurements of surface tension reflect attractive forces

between cells, and that your determinations of viscosity are a

measure of how easily the cells can move past one another. It

seems that the sorting process you describe may be considered

a diffusion-limited process of sorting in a highly viscous fluid.

Have you looked at the rate of sorting as some measure of

diffusion?

FoRGACS: This is precisely what we are now doing. We have

learned from following the sorting process as a function of

time that the process is basically nucleation, which is diffusion

limited. I don't want to present our final results, but it is interest-

ing that standard theories of nucleation hold true. I believe that

we can learn a great deal from these studies.
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Planar triangular networks under stress are predicted

to have several interesting properties: a first-order transi-

tion to a collapsed state for a range of compressive

stresses, and a negative Poisson ratio for a range of ten-

sions (i.e., they expand transversely when stretched longi-

tudinally). When these two-dimensional nets are allowed

to fluctuate in three dimensions, they are predicted to be

asymptotically rigid at long length scales and to have a

universally negative Poisson ratio, even at zero stress

(reviewed in Boal, 1996). There are many examples of

two-dimensional networks in nature: auditory outer hair

cells (Tolomeo et al, 1996) and bacterial cell walls

(Ghuysen, 1968) contain few or many layers of networks

with square or honeycomb symmetry. Further, not all

networks are isotropic: the peptidoglycan network of the

bacterial cell wall is anisotropic in the network plane,

being stiff in one direction but soft in the other.

One well-studied network is the membrane-associated

cytoskeleton of the human red blood cell— a two-dimen-

sional network whose elements are tetramers of the pro-

tein spectrin. Although the contour length of a spectrin

tetramer is approximately 200 nm, the average separation

between the sixfold junctions linking the tetramers is

closer to 70 nm (Steck, 1989). Thus, one picture of the

erythrocyte cytoskeleton is that of a triangular network

of convoluted chains, as shown by the simulation in Fig-

ure 1. By mechanically manipulating the erythrocyte,

measurements can be made of the shear modulus ^ and

compression modulus K^ of its cytoskeleton in the lipid

bilayer plane to which the network is attached (Discher

et al, 1994).
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eton: Mechanical. Phy.sical. and Biological Interactions. The workshop.

which was held at the Marine Biological Laboratory, Woods Hole,

Massachusetts, from 15-17 November 1996, was sponsored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Administration under

Cooperative Agreement NCC 2-896.

Although the cytoskeleton chains appear convoluted in

the simulation, the chain junctions (the white disks in Fig.

I ) fluctuate only slightly around their mean positions.

Indeed, the junctions in the simulation behave like those

of a spring network with a reduced temperature of keT/

K,pS„" = 1/30, where kH is Bohzmann's constant, K,p is

the network spring constant, and S„ is the equilibrium

spring length. At low temperature, the elastic moduli of

such a network are /j/K.p = V3 ( 1 - V3 • P/K,p)/4, and KJ
K,p = ^3 ( 1 + P/[v'3K,p])/2, where P is the in-plane pres-

sure, defined to be negative for networks under tension.

These expressions are in rough agreement with experi-

ment if Ksp is estimated from the properties of polymer

chains. When stretched, the erythrocyte cytoskeleton is

predicted to lie close to the bilayer plane and to restrict

Figure 1. Polymer chain model of the erythrocyte cytoskeleton. The

large white disks indicate the locations of the sixfold junction vertices

of the chains.

331
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Figure 2. Simulation of randomly diffusing proteins in the bilayer

plane, showing locations of the proteins separated by constant time

intervals. The proteins are segregated into corrals by their interaction

with the cytoskeleton.

the motion of membrane proteins that extend significantly

into the cytoplasm. As shown in Figure 2. membrane

proteins that are otherwise freely diffusing may become

restricted to localized '"corrals" because of their repulsive

interactions with the cytoskeleton.

Biological networks contain defects that may alter the

mechanical properties from those of networks with perfect

triangular, square, or honeycomb symmetry. For example,

while a network whose connectivity is sixfold on average

may have near-ideal properties, bond-depleted networks

may be weak to the point of failure (Mohandas and Evans,

1994). Percolation theory has provided a qualitative de-

scription of how the elastic moduli decrease as the aver-

age connectivity of the network decreases (reviewed in

Sa.xton. 1990).
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Discussion

Taylor: Could you clarify what you mean by low tempera-

ture in relationship to spectrin?

Boal: If you look at the motion of the nodes rather than the

floppy chains and follow the movement of those nodes, the rms

(root mean square) dispersion in the position of these nodes

resembles motions at low temperature. The energy scale in this

system is provided by K,pS„", where K,p is the effective spring

constant of the network and S,, is the equilibrium spring length.

In these units, the temperature kT is equal to 1/.30. which is

very low.

Schwartz: I want to see if I understand the implication of

your model. When the cytoskeletal network is under stress, and

the density of sites restricting diffusion increases, you would

predict that molecular diffusion would slow. On the other hand,

if molecules were conrtned in a restricted area, would reaction

rates increase by stretching the network?

Boal: Yes, there is an increase in the local density of pro-

teins, and hence there would he an increase in the reaction rates.

Schwartz: In principle, you could effect signaling by mole-

cules that are not actually attached to the cytoskeletal network?

Boal: Yes. Let me comment on diffusion. There are two

effects in Figure 2: the network is stretched out compared to

the equilibrium configuration, so the overall protein density is

lower; however, the proteins are concentrated in corrals, so their

local density may be higher. One can expect that some effect

would arise from the stretching of the network alone. The cor-

ralling phenomenon is real.

Schwartz: For those of us who think of signaling molecules

as being attached to those networks, that is an interesting impli-

cation.

Boal: If these molecules are attached to the net. they are
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going to spread out more. On the other hand, if they are cor-

ralled, they will bump into each other frequently.

Stewart: 1 want to follow up on Ed Taylor's question. In

your equation /3K,pS„~ ~ 30. what are the units you used? Is

the spring constant (Ksp) in that expression on the order of kT?

Or, depending upon the units, is it much less than kT, perhaps

two or more orders of magnitude less?

Boal: K,p and kT have different units. K,p is in joules/square

meter, so one must use an appropriate length scale to make K,p

and kT comparable. The product K,pS„'. which is an energy, is

30 times kT. The compression modulus K^. and the shear modu-

lus ij. are both within a factor of two of K,p.

Stewart: If we applied the sort of energy involved in kT

to the system, would this produce a large or small change in

terms of the difference between nodes?

Boal: A small change. Basically, the nodes are vibrating

around slowly, although the chains themselves are oscillating

wildly.

Gundersen: I am very interested in the effect of stretching

on the potential corralling of molecules. When vesicles pinch

off from membranes— for example, in the flow of proteins

from endoplasmic to Golgi reticulum— such a corralling of

molecules may occur. I'm wondering if you have any comments

on this?

Boal: I cannot comment on that in my own research, but I

am familiar with experiments on normal rat kidney cells. These

cells show a strong tendency to form corals or domains. The

domains are typically 500-700 nm, reflecting the fact that the

cytoskeletons in these kidney cells are presumably much looser,

or of a much larger scale system, than in the erythrocyte. How-

ever, similar measurements of domain size in erythrocytes are

not possible because the size of the beads used in these experi-

ments is comparable to the domain size in the erythrocyte.

GundeR-SEN: With respect to the pinching off of vesicles,

proteins on the vesicles may actually be affecting the clustering

phenomenon.

Mackintosh: Although your talk focused primarily on spec-

trin networks, you also mentioned anisotropic stresses. Can you

look at anisotropic stresses in the lamellopodium?

Boal: Not yet. We have done some general work on aniso-

tropic stresses. The statistical mechanics have not been suffi-

ciently investigated and, before studying biological systems,

that is where my laboratory has been focusing. In principle,

there is no reason why we cannot study these stiffer, longer

systems, such as the lamellopodium.

Mackintosh: Several people have suggested that you can

create defects in polymer networks, removing cross-links and

enhancing the modulus, without weakening the material. These

are rather special cases, yet they are supported by simulations.

This is a fundamental property of entropic elasticity.

Boal: There has been a lot of work on generic changes to

the triangulation of triangulated nets; for example, having five-

fold and sevenfold coordinated sites. This produces modest

changes in the moduli, but not the huge differences seen when

the nets are depleted.

Mackintosh: The examples that I'm thinking of are net-

works that have zero shear modulus at zero temperature, like a

square lattice.

Ingber: Studies on lipid domains and stretch-activated ion

channels are looking for the type of information that you have.

It might be interesting to see how your kinetic phenomena

match up with some of those channel systems. In the type of

experiments you have described, it seems that most investigators

pull on the outer curvature of the red blood cell. Does the dimple

in the middle of the cell have the same mechanical properties

as the outer rim?

Boal: I do not think they differ at all. Even in our studies,

there is a slightly different average connectivity at the edges

compared to the center. But when you inflate the cell first and

then pull, there are no differences. A question would be, has

the cytoskeleton relaxed during the inflation process such that

an initially inhomogeneous connectivity has relaxed away?

Ingber: There must be some prestress or internal stress, to

maintain that kind of curvature.

Boal: If we compare our stretched cytoskeletons with aspi-

ration experiments (involving huge deformations), we have to

add some prestress to the stretched cytoskeletons, in order to

get better agreement.

Shafrir: You cited discrete percolation theory, but from

what I saw in your picture of this network (Fig. 1 ). it does not

appear to be discrete. Did you try to simulate that (Boal: That

is not my work.) with a continuous percolation model?

Boal: Mike Saxton, at University of California— Davis, has

looked at a variety of percolation models. As I recall, in no

cases did the predicted value of the shear modulus agree with

the experimentally observed value for spectrin-depleted erythro-

cytes. This may just mean that percolation theory can't be ap-

plied to this system becau.se of the structure of the spectrin

network. For example, connectivity in spectrin-depleted red

blood cells may be different from that in the normal blood

cell. However, there may be some experimental bias in these

measurements. When researchers collect the samples on which

to conduct the aspiration, they select blood cells where they

can attach the micropipette onto the surface. Even though the

sample has a global average spectrin content, the specific cells

chosen for investigation may not have the same spectrin content

as the global average.
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The three-dimensional polymer network formed by the

cytoskeleton is the main determinant of cellular mechan-

ics (Elson, 1988; Maniotis et ai, 1997) and is required

for the cell to resist external forces as well as to generate

and transmit the forces used during cell motility (Stossel,

1994). Three types of protein filaments— microtubules,

F-actin, and intermediate filaments— form the basis of

the cytoskeleton. Certain types of polymers tend to con-

centrate in separate regions of the cell: typically actin is

concentrated at the cell cortex, whereas the microtubules

and intermediate filaments are more centrally localized.

However, the three types of cytoskeletal filaments can

also interpenetrate and form contacts with each other and

with specialized structures in cell membranes to provide

mechanical continuity throughout the cell. The architec-

ture of these networks depends on local activation of

specific regulatory elements, and the variety of structures

they form have distinct mechanical characteristics

(Satcher and Dewey, 1996). Two distinct types of cy-

toskeletal assembly are open meshworks of single fila-

ments, and asymmetric assemblies of filament bundles.

The viscoelastic properties of networks formed by F-

actin, microtubules, and various intermediate filament

types {e.g., vimentin and neurofilaments) differ strongly

from each other, as shown in Figure 1. At biologically

relevant stresses {e.g.. from the 10 dyne/cm' of fluid shear

stress at the artery wall, to the greater stresses needed
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eton: Mechanical. Physical, and Biological Interactions. The workshop,
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Massachusetts, from 15-17 November 1996, was sponsored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Administration under
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for phagocytosis and locomotion) the different types of

purified cytoskeletal polymer networks exhibit very dif-

ferent mechanical responses. At a constant weight con-

centration (2 mg/ml), microtubule networks deform to the

largest extent, presumably because there are no bonds to

keep the rigid polymers from sliding past each other. In

contrast, networks of long actin filaments or of short actin

filaments linked to each other by the divalent ABP280
crosslinker initially exhibit very little deformation, but at

larger stresses these networks appear to rupture, Vimentin

intermediate filaments are more deformable at smaller

stresses than F-actin but resist much larger stresses with-

out rupture. This ability to deform without damage, and

the downward curvature of the strain/stress plot indicative

of strain hardening is also observed in the extracellular

fibrin network. The mechanical differences suggest some

aspects of the possible biological function of these cy-

toskeletal elements; they also suggest the molecular basis

of the elasticity of such networks, which differs radically

from the viscoelastic properties of rubber-like materials

(MacKintosh et al.. 1995; Kroy and Frey, 1996; Maggs,

1997).

Bundles of filamentous polymers are also a common
feature of biological tissues, ranging from partly ordered

structures (such as stress fibers), to well-ordered struc-

tures (such as sarcomeres and the paracrystalline arrays

of actin filaments in microvilli and microtubules in fla-

gella). The formation of such structures in vivo is gener-

ally thought to be orchestrated by the activity of specific

binding proteins (Otto, 1994); but the thermodynamic

driving force for the formation of bundles is largely un-

known (Grazi, 1994; Tang et al.. 1997). Like DNA, all of

the cytoskeletal filaments are anionic, with linear charge

densities sufficiently high to stabilize electrostatic interac-

tions with polyanions even at physiological ionic strength

334
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Stress-strain response of four biopolymer networks
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STRESS (clyne/cm2)
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Figure 1. Shear strain of 2 mg/ml samples of polymerized biopoly-

mer networks. The measurements were made 10 s after a range of shear

stresses were imposed with a torsion pendulum, as previously described

(Janmey, 1991).

(Tang et ai. 1996). Theoiies of polyelectrolytes devel-

oped to account for cation-induced condensation of DNA
(1) apply equally well to F-actin, microtubules, intermedi-

ate filaments, and some filamentous viruses; and these

theories provide an explanation for the ability of specific

polycationic proteins to be efficient bundling factors for

all of these diverse filament types. The effects of metal

ions and polyvalent protein ligands on the structure and

rheology of cytoskeletal networks likewise provide data

relevant to both the biological function of the networks

and the molecular structures underlying their mechanical

properties.
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Discussion

Coulombe: I have a question about the behavior of individ-

ual filaments in a network of similar filaments. If the filament

surface is charged, how do you explain node fomiation at dis-

crete points along the length of the network?

Janmey: If the filaments are all anionically charged, you

might expect them to be so electrostatically repulsive that they

would never come near enough to one another to make nodes.

There are two possibilities. One is that some of those nodes are

simply kinks in which two filaments, that may be repulsive to

each other, are caught in something like a local knot. What we

are then looking at is the time it takes for that kind of knot to

unravel. A second possibility is that, although the filaments

repel each other in a vacuum, when they are in a medium full

of counter ions attractive interactions can be created between

polymers with like charges. The attraction could be based on

the sharing of counterion clouds, or on fluctuations in that cloud.

In this way, dipole-dipole interactions may in some cases over-

come electrostatic repulsion between the polymers. This is an

experimental surprise to us, but it holds up consistently.

FoRGACS: If you shear or deform a microfilament network,

is it possible to change some rate of polymerization?

Janmey: I'm not sure that is known for actin. In the case of

microtubules, there is evidence that assembly and disassembly

rates of tubulin dimers on the microtubule end can be affected

by something that looks like a force-generating mechanism. In

an actin system it is more likely that you would generate break-

age of actin filaments, and accelerate either polymerization or
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depolymerization. The short answer to your question is that we

do not really know.

FoRGACS: You mentioned that microtubule and actin net-

works do not interact in your assays, whereas intermediate fil-

aments and actin do. Do we know anything about these interac-

tions in the cell?

Janmey: The filament systems are intimately related to one

another— it is very difficult to manipulate one without manipu-

lating the others. The question is whether that kind of connectiv-

ity is directly mediated by polymer-polymer contact, or whether

it works through specific regulatory proteins that mediate this

"talking' of one filament system to another. That is the kind

of question we would like to address. In the case of microtubules

and actin, it looks as though the interaction must be mediated

by some third protein.

FoRGACS: If those filaments are all negatively charged, is it

possible that some signaling molecules, which are positively

charged, can slide or diffuse within those filaments, thereby

contributing to their stability?

Janmey: That is an appealing concept, but 1 do not know

if it has been experimentally tested and verified. There is an

interesting split in thinking of the cytoskeleton from a purely

mechanical view, which is our lab's prejudice, dissociating it

from the connectivity made by a percolated network. That is

why the split between making a connective network or a struc-

ture rigid enough to resist or support a mechanical stress pre-

sented in David Boal's talk is so interesting. We do not know

how to separate those two features.

Chen: Does tagging the actin with a fluorescent group

change its stiffness or affect surface interactions with other actin

polymers?

Janmey: That is a really good question. We cannot detect

differences in flexibility between a fluorescently tagged actin

filament and a non-tagged filament by using techniques such as

dynamic light scattering or electron microscopy. Some fluoro-

phores carry their own electrostatic charge. Therefore, we

should be able to assemble populations of filaments consisting

of the same protein, yet differing by lOVr -20'7f in electrostatic

surface charge, due to the fluorophore that we couple to them.

If the hypothesis regarding surface charges is correct, then the

fluorescently tagged filament types should behave differently.

We have yet to test this. In answer to your question, there is

no obvious alarm that fluorescent tagging of actin filaments is

a problem.

Goldman: Did you mix microtubules and intermediate fil-

aments, especially neurofilaments?

Janmey: Yes, we have mixed them. One of our problems

with intermediate filaments and other filament types is how to

take polymerized systems and instill another polymer into them.

We start by placing preformed neurofilaments and preformed

microtubules next to each other and gently trying to get them

to interpenetrate. One of the really interesting findings, which

Shah will present, concerns vimentin. We have tried to polymer-

ize vimentin around very low concentrations of labeled actin

filaments. The polymerization process breaks the filaments into

small pieces. This surprising result might be an interesting me-

chanical problem. We know it is not simply due to a chemical

poison effect, because before the vimentin subunits form a net-

work they don't do anything to destabilize the actin. Only after

vimentin begins to polymerize and fomi a visco-elastic network

does it break up the actin filaments. We can polymerize tubulin

around actin, but we cannot polymerize vimentin around actin

without breaking up the actin. Therefore, it is possible that some

of the work of polymerization has the consequence of breaking

actin filaments.

Taylor: Actin and myosin subfragr.ients have a net negative

charge, yet they still interact because of local charge distribu-

tions on a protein surface.
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At first glance, the "actin polymerization'" problem

may appear to have been solved: that is. it involves a

simple nucleation-condensation mechanism following

pseudo-first-order assembly kinetics leading to a steady

state (Oosawa et ai, 1975; Carlier, 1991). Although there

is general agreement that one of the first steps in the

polymerization reaction of G-actin into F-actin filaments

involves dimerization of a significant fraction of the

monomer pool, evidence has been presented that this di-

mer— called the ""lower dimer"" (LD)— is in a G-like

conformation and is, by itself, unable to polymerize into

F-actin filaments (Millonig et ai, 1988). Hence LD for-

mation may represent an unproductive side reaction simi-

lar to the "ring" formation occurring during the oscillat-

ing cycle of assembly and disassembly seen in microtu-

bules (Mandelkow et ai, 1991).

We have now demonstrated that LD. while being un-

productive by itself, can add to growing F-actin filaments

via one of its subunits (Steinmetz et ai, 1997a). Slowly

but definitely, the surplus monomers dissociate from these

partially "LD-decorated" filaments to yield, eventually.

bonafide F-actin filaments at steady state. Taken together.

these findings strongly suggest that F-actin polymeriza-

tion may involve multiple pathways rather than a simple

nucleation-condensation mechanism. The role of the LD
should therefore be seriously considered in any future

model or mechanism that attempts to describe the poly-

merization of G-actin into F-actin filaments. The func-
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tional significance of the LD is also supported by the

occurrence of actin-binding proteins and molecules that

bind to an LD-type dimer with high affinity (Hesterkamp

et al., 1993; Bubb et ai, 1994. 1995).

The Gd"^-induced polymorphic crystalline actin sheets

(Aebi et ai, 1981; Smith et ai, 1983) are made from

actin dimers thought to be in an LD-like confoririation

(Millonig et ai, 1988); we have therefore computed 3-D

reconstructions from tilt series of negatively stained crys-

talline actin tubes. We are now in the process of building

an atomic model of the actin sheet dimer by fitting the

atomic structure of the actin molecule (Kabsch et ai,

1990) into its EM-based 3-D mass density map (Bremer

el al., 1994).

When phalloidin (a bicyclic heptapeptide toxin of the

toadstool Amanita phalloides) was present in a 2:1 molar

excess over actin, we observed a drastic enhancement

of the nucleation rate, with a more minor effect on the

elongation rate. Moreover, this effect occurred regardless

of the divalent cation (i.e., Mg""^, Ca'^ or none) bound

to the high-affinity binding site (HAS) of the G-actin

monomer. We also found that slow polymerization of

Mg-G-actin into filaments could also be achieved with

stoichiometric amounts of phalloidin, even without K^.

These data indicate that the mechanisms of action of K"^

and phalloidin on the polymerization reaction of G-actin

into F-actin filaments are very different. As phalloidin

does not bind to monomeric actin, it appears not to acti-

vate G-actin significantly under low-salt conditions. How-

ever, halloidin tightly binds to, and thereby strongly stabi-

lizes, nuclei and growing filaments (i.e., by a "locking-

in" mechanism), so that slowly but definitely the net

equilibrium is shifted toward F-actin filament formation.

Moreover, we have systematically investigated the ef-

fect of the divalent cation (i.e., Mg"^. Ca"*, or none)

bound to the HAS of the G-actin molecule in terms of

337
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the mechanical properties and 3-D structure of the re-

sulting F-actin filaments {i.e., polymerized in the presence

of 100 niM KCl). Judged from 3-D helical reconstruc-

tions, the overall filament conformation appears rather

robust to this variation at the 25 A resolution level. In

accord with a recent report (Isambert et al.. 1995). but at

variance with earlier results (Orlova and Egelman, 1993),

we were unable to depict any significant dependence of

the apparent persistence length of the resulting F-actin

filaments on the divalent cation present in the HAS. But

compared with native filaments, phalloidin-stabilized F-

actin filaments appeared stiffer, as judged by a typically

2-fold increase of their apparent persistence length. As

suggested first by EM data (Bremer et al.. 1991) and

proposed later by an atomic model (Lorenz et al. 1993),

3-D helical reconstructions of negatively stained phalloi-

din-stabilized F-actin filaments yielded subtle but signifi-

cant and reproducible changes in their intersubunit contact

pattern both along and between the two long-pitch helical

strands (Steinmetz et al., 1997a).

To determine the exact location and orientation of the

stoichiometrically bound phalloidin molecule within the

F-actin filament, we collaborated with Dr. Faulstich

(Max-Planck Institute for Medical Research, Heidelberg,

Germany) in chemically engineering an undeca-gold

(Auii)-tagged phalloidin derivative (Au,, -phalloidin). F-

actin filaments— unstained freeze-dried native (Fig. IB),

and Auii-phalloidin-stabilized (Fig. IC)— were then im-

aged in a scanning transmission electron microscope

(STEM) by the annular dark-field (ADF) detector at high

magnification. To our surprise, the 1 1 -gold-atom cluster

was directly visible at distinct sites every 5.5 nm along

the two long-pitch helical strands of derivatized F-actin

filaments (Fig. ID: see also Steinmetz et al., 1997b).

Moreover, 3-D reconstructions (Fig. IE) of negatively

stained Aun-phalloidin-stabilized filament stretches (Fig.

lA), compared to un-tagged phalloidin-stabilized fila-

ments, revealed a highly significant increase in mass den-

sity at distinct sites located near the interface between the

two long-pitch helical strands (Steinmetz et al.. 1998).

The phalloidin-binding site within F-actin, as thus identi-

fied, agrees well with the site proposed by the atomic

model of Lorenz et al. (1993). However, atomic modeling

of the Auii-phalloidin derivative within the refined and

averaged filament reconstruction (Fig. IF) yields an orien-

tation of the toxin within its binding site that is distinct

from that obtained by Lorenz et al. (1993). As demon-

strated in Figure IG, if the Aun-cluster, which is linked

to the phalloidin moiety by a spacer of about 17 A, is

not to collide with an adjacent intersubunit contact, the

phalloidin molecule must be rotated by roughly 180°

around an axis parallel to the filament axis compared to

the orientation proposed by Lorenz et al. (1993).
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Discussion

Gundersen: Have you looked to see if any actin-binding

proteins affect the distribution of lower or upper dimers?

Aebi: No. we have not done this yet. Using the cross-linking

assay, we are currently looking for this type of protein in ex-

tracts from various cells. Although it is present, I cannot provide

quantitative data at this stage. As I indicated, other researchers

have shown that the gelsolin segment 2 acts in vitro to stabilize

the lower dimer rather than an F-actin oligomer (Hesterkamp

etal.. 1993. Eur J. Biochem. 218: 507-513).

Chisholm: There is at least one proposal for an alternative

structure of actin filaments. Could the lower dimers that you

see relate to that alternative structure?

Aebi: We were very interested in this structure proposed by

Schutt and co-workers (1995. Biophys. J. 69: 12S-18S) where

actin in a 1:1 complex with profilin forms a "ribbon."" Schutt

et al. believe that this ribbon is structurally related to the helical

actin filament and may undergo a transition into the helical

actin filament. In fact, Schutt et al. think that such ribbon-to-

helix transitions may have a more specific application in a new

theory of force generation (see also Schutt et al, 1997. Nat.

Struct. Biol. 4: 169-172). We have looked very carefully and

find that these ribbons cannot be made out of lower dimers.

However, we can assemble actin into a type of folded ribbons

which are built of this dimer (Millonig efo/.. 1988.7. Cell Biol.

106: 785-796; see also Steinmetz et al.. 1997. J. Struct. Biol

1 19:295-320). In fact, by solving the 3-D structure of our Gd'*-

induced crystalline actin sheets by electron crystallography we

have built an atomic model of the lower dimer that I did not

present here (Steinmetz et al.. 1998. J. Mol. Biol. 278: 703-

711).

Allen: The reduced fluorescence at steady state for calcium

andVor EGTA compared to magnesium that you described for

polymerization— was that due to a reduced critical concentra-

tion?

Aebi: There is a very small, reproducible attenuation of the

fluorescence at steady state for Ca"*- and EGTA-actin compared

to Mg-*-actin, but I don't know what this means. It could be a

quenching effect.

Allen: Does that imply differences in structure that are

smaller than your resolution?

Aebi: There are probably significant structural differences

between Mg-G-actin and Ca-G-actin. However, once actin has

switched from its G- to its F-conformation. the structural differ-

ences between Mg-F-actin and Ca-F-actin appear to be rather

small so that we cannot depict them at 25 A resolution.

Allen: Is there any evidence that the divalent cations influ-

ence the generation of the lower dimer?

Aebi: Yes, as we have previously shown (Millonig et al.

1988. J. Cell Biol. 106: 785-796). cations do influence genera-

tion of the lower dimer. For example, when actin is polymerized
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with 2 mM CaCU, the yield of lower dimer is significantly

larger than when the same polymerization is conducted in the

presence of 2 mM MgCl:. Also, when Mg-G-actin is polymer-

ized with phalloidin alone {i.e.. without addition of any salt),

we cannot detect any significant amounts of lower dimer during

the course of polymerization (Steinmetz ft a I.. 1997. J. Cell

Biol. 138: 559-574). The lower dimer. which is not a filament

dimer. has been observed by many techniques. There are condi-

tions (e.g.. polymerization with 50 mM CaCl;) where more than

959?- of the actin forms lower dimer during the first few seconds.

In fact, under sheet- or ribbon-forming conditions. 100% of the

actin forms lower dimer.

Allen: Is there any possibility that the gold-labeled phalloi-

din has a different structure from native phalloidin'.'

Aebi: According to all our criteria, coupling of undeca-gold

(Aui, ) to phalloidin via a 17-A-long spacer has no significant

effect on its structure or conformation. The spacer is long

enough so that the binding affinity of phalloidin to actin is only

an order of magnitude lower than that of native phalloidin but

short enough that you do not get significant delocalization ot

the undeca-gold cluster. 1 would guess from the strength of its

binding that it is in the right position. However, as 1 showed

during my talk, for the undeca-gold cluster to be in the right

position {i.e.. as revealed by 3-D reconstruction of Au, .-phalloi-

din labeled F-actin filaments), we had to rotate the phalloidin

moiety by roughly 180° about an axis parallel to the filament

axis compared to the orientation proposed by Lorenz el al.

(1993. J. Mol. Biol. 234: 826-836).

Borisy: In your introduction you describe actin as a passive

molecule. The researchers in this area who study actin dynam-

ics, as opposed to structure, might disagree. They might point

out that actin polymerization is the driving force for cell protru-

sion, listerial locomotion, and other viral and bacterial particles.

and for acrosome extension.

Aebi: I agree with you. It is just a matter of the right seman-

tics. I use "passive" to refer to the actin-myosin type of force

generation. You can generate a lot of force through polymeriza-

tion in non-muscle cells. Murray Stewart will show in his talk

that motilitv can be generated without motors.
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Because of their simplicity and specialization, nema-

tode sperm are a powerful .system with which to investi-

gate the molecular principles underlying amoeboid cell

motility (reviewed by Theriot. 1996; Roberts and Stewart.

1995. 1997). These sperm crawl at up to 50 /L^m/min by

extending a pseudopod packed with bundles of cytoskele-

tal filaments that can be observed //; vivo by light micros-

copy (Roberts and Stewart. 1995. 1997).

The cytoskeleton in nematode sperm is based on the

I4-kD major sperm protein (MSP) rather than on actin.

Locomotion in this system is generated by the vectorial

assembly of MSP filaments and their bundling into mac-

rofibers. and motor proteins do not appear to play a major

role (Roberts and Stewart. 1997). MSP filaments are

formed in vivo and in vitro from two helical subfilaments

that wrap around one another. Because of their unique

structure. MSP filaments have an inherent capacity to

form bundles (King et ai, 1994; Stewart et ai. 1994).

and this is crucial to their function. In solution, MSP
forms stable dimers (Haaf er ai, 1996), and X-ray crystal-

lography shows that the MSP polypeptide chain fold is

based on a seven-stranded beta sandwich that closely re-

sembles the fold of immunoglobulins, and especially that

This paper was originally presented at a workshop titled The Cyroskel-

eton: Mechanical. Physical, ami Biological InteraclioiLS. The workshop,

which was held at the Marine Biological Laboratory, Woods Hole.

Massachusetts, from 15-17 November 1996. was sponsored by the

Center for Advanced Studies in tlie Space Life Sciences at MBL and

funded by the National Aeronautics and Space Administration under

Cooperative Agreement NCC 2-896.

of the bacterial chaperonin PapD (Bullock et al., 1996a,

b). X-ray crystallography has also been used to determine

the structure of the helices of the MSP dimers; these

dimers are indistinguishable from the subfilaments from

which filaments are constructed (Bullock et al., 1998).

Because these filaments have no overall polarity, pseudo-

pod extension is not likely to be generated by motor pro-

teins acting on MSP filaments (Bullock et al., 1998). To

investigate the polyinerization and bundling of MSP in

greater detail, we constructed an //( vitro motility system

in which MSP filament assembly and bundling is able to

move membrane vesicles (Italiano et al.. 1996). With this

system we have shown that locomotion requires a soluble

factor in addition to MSP. membrane vesicles derived

from the sperm plasma membrane, and ATP. Hydrostatic

pressure reduces the rate of polymerization in vitro and

inhibits whole sperm locomotion. When the pressure is

increased, fewer MSP filaments are produced more slowly

(Roberts et al., 1998). Moreover, these pressure studies

show that MSP polymerization is restricted to the immedi-

ate vicinity of the meiTibrane vesicle and appears to re-

quire the generation of an activated species. MSP*,

through the interaction of a soluble factor with a protein

associated with the vesicle surface (Roberts et al.. 1998).

The way in which nematode sperm crawl is closely

analogous to the way in which actin-based amoeboid cells

move over substrates. Moreover, the in vitro MSP-based

motility system closely resembles the "comet tails"" by

which Listeria generates motility (see Theriot, 1996).

Therefore, both actin-based and MSP-based systems

probably generate protrusive force by similar mecha-

342
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nism.s. Our studies on the molecular mechanism of nema-

tode sperm amoeboid motility have emphasized the con-

tributions made by vectorial assembly and filament

bundling, and it is likely that these features also make

a major contribution to motility in actin-based systems

(Roberts and Stewart. 1995. 1997).
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Discussion

Chisholm: If there is tilament assembly at the front end of

the cell, and disassembly at the rear end. how do the monomers

get back to the front end?

Stewart: I think part of it can get back by diffusion. In

addition, the amount of the MSP (major sperm protein) that is

asseinbled at any one time will be as great as it seems when

ob,served by light microscopy—probably about 10%-20% of

the total MSP. We think that enough diffusion can occur by

recycling alone, because the cells themselves are inoderately

small. At the moment, we haven't been forced to postulate

something more involved than that.

Chisholm: Even when the spemi move at the rate that you

stated—35 pm/min?

Stewart: They move at 35 ^ftn/min. but this means that a

small amount of protein is just being added at the front each

time and taken off at the back. I think this can probably be

done without having to transpoil the protein.

Wade: Is there a relationship between the membrane and

the fiber in terms of phosphorylation?

Stewart: The generation of fibers in our in vitro system is

very intimately associated with that membrane vesicle. When

we use pH jump experiments in vivo, we can see that growth

of new material is very intimately associated with the leading

edge of the pseudopod. I am somewhat skeptical of a mecha-

nism that invokes a molecule on the membrane taking in indi-

vidual monomers and polymerizing them. I think that the pro-

cess is mediated by a molecule present on that vesicle, possibly

transmembrane integrin-like molecules or receptor-like mole-

cules. We do not have smoking-gun evidence for that. We do

have a 70-Kd protein on a gel, but no sequence. A protein like

that could interact through GTP-binding proteins to stimulate

polymerization in the immediate vicinity. At the moment we

can't distinguish between these two possible models.

Schwartz: Does this 70-Kd protein bind GTP?

Stewart: We are currently trying to test that by isolating

large quantities of protein to determine the direct binding of

GTP.

Janmey: Could you comment on the hydrostatic pressure

experiments? Are you suggesting that the effect of the hydro-

static pressure might be the release of water associated with

the polymerization process? Do you think there is something

involved in the protrusion of the vesicle at the edge of the

bundle?

Stewart: Most proteins have a large shell of water that is

bound moderately strongly around the surface. Some people

refer to this as crystallizing around the surface. The volume of

the.se bound water molecules is significantly lower than that of

free water in solution. When two molecules come together and

form a polymer, they usually do so by combining hydrophobic
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faces with the exclusion of wiiter. A large amount of water is

released in the process, resulting in a transient volume change.

That would be a way of rectifying a thermal-action-type mecha-

nism. There are a whole series of variations on these mecha-

nisms that George Oster has proposed. Another aspect may be

important: if a transient volume change occurs in this immediate

vicinity— particularly since the rest of the cytoplasm is a gel

—

then this volume change might be used to move the membrane

more readily, making it easier to put in another molecule. I do

not want to give you the impression that we have definitive

data to support this suggestion. But the idea would be consistent

with the pressure effect: increasing pressure would tend to de-

crease effects that rely on positive volume changes, according

to Le Chatelier's Principle. We can actually stop the cells mov-

ing with about 70 atm pressure. This pressure is rather low

compared to an actin-based system.

Taylor: 1 am still confused about the energy source. Actin

treadmilling is possible because that is coupled to ATP hydroly-

sis.

Stewart: You are correct. We can't say how ATP is being

used by MSP.

Taylor: The subunils have to diffuse to the front of the cell,

which would result in a higher concentration at the back of the

cell. This suggests a linkage. What is the G-protein domg? Is

it in the GTP-bound state and released later?

Stewart: Even though this is cell biology, it is unwise to

violate the first and second laws of thermodynamics. It is reas-

suring that energy must be added to make this system work.

What puzzles me is how the energy is actually being utilized.

We have not been able to show that it is directly utilized by

the MSP. There is no evidence of any nucleotide binding to

MSP. We suspect that the energy is being used in the form of

ATP, but it could also be used in the form of GTP with an

exchange system in the cell. Recent evidence indicates that

GTP, not ATP, is used in nuclear cytoplasmic transport. The

energy could be used by the G-protein cycling between two

states. A large number of G-proteins and motor proteins switch

between two states. It is not clear whether these proteins pro-

duce motion via such a process. It could be that the G-protein

is switching and activating some other protein that could be

breaking the MSP dimer into monomers. We do not know

whether the filaments are made up from MSP monomers or

dimers. Although our prejudice is dimers. the energy could be

used to form monomers. The energy could he used to phosphor-

ylate MSP, which would result in a small cap of phosphorylated

MSP. We have been trying to demonstrate phosphorylation of

MSP but without success, although this may be due to technical

difficulties. Less than 0.1% of the MSP is actually in the fibers,

even though these are seen everywhere in our in vitro assay.

The bottom line is. we don't know exactly where the energy is

being used, but at least it is being used, which is better than

violating the laws of thermodynamics.

Gundersen: A treadmilling model suggests a polar filament.

Are these filaments polar?

Stewart: We don't know. We know that the MSP exists as

a dimer in solution, with a twofold rotation axis. Based on

symmetry, the filament will lack polarity if that twofold rotation

axis is perpendicular to the axis of the filament. In the models

that we have generated from our C2 crystals, this twofold axis

is close to being perpendicular to the axis of the filament. There-

fore, it may well be that the filaments have no net polarity. If

that was the case it would be very difficult to imagine how

motor proteins might function, because they wouldn't know

which way to go. We still have to establish that fact. It looks

as if there is not much polarity here: however, there may be

polarity, but it's just below the level of detection.

Gundersen: How does the cell determine to start the fila-

ment at its front end? Do you know of any treatments that

disorganize this?

Stewart: Acids disorganize this. There is a chemotactic re-

sponse. These cells know where the eggs are and crawl after

them, but this has not been characterized in molecular terms.

When sperm are removed from the vas deferens, they begin to

crawl after treatment with a PBS extract of the vas deferens.

The mechanism of activation is not understood, although it is

probably chemotactic. Once cell movement is established, it

appears that there are molecules present in the leading edge that

maintain the movement.
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Ponticulin is a transmembrane protein that constitutes

the major high-affinity link between the actin cytoskele-

ton and the plasma membrane of the soil amoeba Dictyo-

stelium discoideum. As one of the few membrane proteins

known to contain both a cytoplasmic domain and a glyco-

syl anchor, ponticulin accounts for about 90% of the actin-

binding and actin-nucleating activities of isolated plasma

membranes.

The function of ponticulin in vivo is being deduced

by analyzing mutant amoebae in which the single-copy

ponticulin gene has been disrupted by homologous recom-

bination. These cells are deficient in high-affinity actin-

membrane binding, as determined by co-sedimentation of

actin and membrane vesicles from freshly broken cells,

electron microscopic analysis, and in vitro assays of actin-

membrane binding and membrane-mediated actin nucle-

ation. Thus ponticulin's role as a major link between the

actin cytoskeleton and the plasma membrane has been

confirmed both in vivo and in vitro. Because ponticulin
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is an integral membrane protein, its absence is expected

to affect only the integrity of the membrane attachment

to the underlying cortex, and not the extent of cross-

linking between cortical actin filaments. This property

distinguishes ponticulin from other well-known proteins

of the membrane skeleton, such as spectrin, dystrophin,

and filamin. all of which are structural elements of both

the membrane skeleton and the subjacent cortical cy-

toskeleton.

The role of ponticulin, and thus of the membrane skele-

ton, in cell behaviors is being explored in a number of

functional and mechanical assays. Cells lacking pon-

ticulin are less efficient in migrating up chemotactic gradi-

ents, apparently due to a loss of positional control of

both anterior and lateral pseudopods. The pseudopods in

ponticulin-minus cells appear to form normally: but dur-

ing cell movement they undergo dramatic shifts in posi-

tion relative to the substratum, a behavior never seen in

cells containing ponticulin.

Despite their reduced chemotactic ability, ponticulin-

minus cells can aggregate sooner than the parental strain

during starvation-induced multicellular development. So-

lution changes that enhance cell adhesiveness cause all

cells, mutant and wild type, to aggregate with the faster,

mutant time course. These observations suggest that one

role of the ponticulin-based membrane skeleton is to mod-

ulate or to negatively regulate cell-cell adhesion.
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In Other experiments, we have been analyzing the role

of the membrane skeleton during cellular resistance to

various types of mechanical stress. Parental cells and mu-

tants lacking ponticulin have been prodded with glass

rods and forced through Nucleopore filters, techniques

that apply forces downward into the cell and parallel to

the membrane-cortex boundary, respectively. Outward

forces have been applied by using optical trapping of

membrane-attached silica beads and suction pipetting. To

date, no significant difference between parental and mu-

tant cells has been observed. Given the large differences

in membrane-actin attachment observed in cells lacking

ponticulin, these results suggest that all of the mechanical

techniques employed measure structural properties of the

cell cortex, rather than of the membrane skeleton. Ongo-

ing research is focused on understanding the function

and regulation of ponticulin during cell movement and

adhesion and on the identification of structural and func-

tional analogs of ponticulin in higher organisms.
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Discussion

Chisholm: You suggested that your assay measures cortical

rather than membrane effects.

Luna; That is one possibility: there may be others.

Chisholm: In that case, the idea would be that ponticulin

anchors the cortex to the membrane. Do you think that the

cortex and membrane are floating completely independently of

each other?

Luna: We are trying to figure out what is slipping. It appears

that the whole pseudopod is moving when we look at the images

of the flying pseudopods with DIC (differential interference

contrast). It does not appear that the membrane is moving over

the pseudopod. Our studies have been hampered because we

do not have an extracellular epitope unique to ponticulin. Anti-

bodies to the outside of the protein react with carbohydrates

that are present on most glycosylated membrane proteins. Dr.

Anne Hitt has generated transfected cells that we hope will

express Myc-tagged ponticulin, with Myc on the outside sur-

face. We plan to follow what is moving by using fluorescence

quenching or activation of fluorescence using antibodies di-

rected against that epitope. Poking the cell would not give us

an effect, because this measures cortical stiffness. I would have

thought that pushing the cells through filters might have made

a difference. I'm really perplexed by the action of the suction

pipette. If anything would pull a membrane away from an under-

lying cortex, I would have thought that it would be the suction

pipette, although the high forces generated by this technique

may well be acting on deeper cortical structures.

Chisholm: Is there really 10%-20% of the nucleation activ-

ity remaining or is that just the limit of the assay?

Luna: This is hard to measure reproducibly. Maybe another

way of looking at it is to say that what we have left might be

the Dictyostelium equivalent of the big sticks in Don Ingber's

model for tensegrity. Perhaps what we have done is remove

some of the small elastic moduli that are right at the membrane.

Maybe the big sticks are what matter when pulling vectorially

and for a relatively long time frame, relative to the cell's ability

to remodel its cortex. However, this is obviously all speculation.

Ingber: You are basically correct. The magnetic twisting

technique used by our group produces results that are different

from those produced by techniques that non-specifically poke

or pull on the surface membrane, such as those that you tried.

In the same cells, we have used our method, and then Eliot

Elson's group used their poking technique, which only measures

cortical stiffness. Since we can obtain different measurements

with different receptors in the same cell, we know that we are

measuring membrane stiffness with metabolic receptor ligands

and internal cytoskeletal stiffness with integrin ligands. You

presented human analogies of how cells move with "elbows,""

and perhaps that is what is going on. There may be different

structurally stabilized microdomains that are coordinated by

some orienting scaffolding provided by the membrane. An anal-

ogy would be if my arm system was working but wasn't coordi-

nated with my nervous system. You need a way to measure the

mechanics of the microdomains of the cortex rather than the
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whole cell, to determine whether each has its own frequencies

of movement, which act as one integrated system after insertion

of your protein.

Luna: If we can use the anti-Myc antibody as a probe of the

external domain of ponticulin, and also perform comparative

confocal microscopy with this antibody and with our existing

antibody against the cytoplasmic domain, we can find out by

difference where ponticulin is bound to the actin cytoskeleton.

This is what we really want to know— where it is functional,

not just where it is.

Janmey: By analogy with the membrane of the red blood

cell, you may expect that if you detach the lipid bilayer from any

kind of protein meshwork you will either increase the flickering

motion of the lipid bilayer or you will increase the amount of

surface area in contact with a smooth substrate. In the Dktyo-

steliuin mutants, have you ever looked at the number of cells

that are in close contact with a glass surface?

Luna: There is a lot of wobble in the front end of these

cells: they look really sloppy when they move, compared to the

normal cells. I do not know if that is because the front end of

the cell has a series of pseudopods and extensions that are just

not well organized. However, we never see extensive smooth

areas with rounded contours that I would call "blebs." Looking

at the percentage of surface area in close contact with a glass

surface is a really good idea, but we haven't tried it yet.
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Cell-cell adhesion and cell-substrate adhesion are im-

portant interactions that modulate intracellular signaling

pathways, as well as various cellular events from gene

expression to cell locomotion ( Juliano and Haskill. 1993).

The full response to adhesion seems to involve not only

the cross-linking of integnns but also mechanical input

through these receptors (Craig and Johnson. 1996: Wang

et ai. 1993; Ingber. 1993; Chrzanowska-Wodnika and

BuiTidge. 1996; Choquet et ai. 1997). To explore this

possibility, we have examined the motility and cytoskele-

tal organization of NRK epithelial cells and 3T3 fibro-

blasts cultured on substrates having varying mechanical

properties (Pelham and Wang. 1997).

Flexible, optically clear substrates were prepared by

covalently linking type I collagen to polyacrylamide

sheets. The flexibility of the substrate was manipulated

by maintaining the acrylamide concentration at XWc while

varying the bis-acrylamide contents between 0.03% and

0.269^. In this manner, we were able to maintain a con-

stant chemical environment regardless of substrate flexi-

bility. The Young's Modulus of the substrate, determined

by measuring the extent of stretching in response to

known applied forces, showed a 13-fold difference be-

tween sheets of 0.26% and 0.03% bis-acrylamide. When

probed microscopically with a calibrated microneedle, the

substrates showed 16-fold difference in compliance ( ~7.3

X 10"^ newtons//L(m versus ~4.6 X 10 "* newtons///m).

On more rigid substrates, both NRK epithelial cells

and 3T3 fibroblasts were well spread and appeared indis-

tinguishable from those cultured on glass or plastic sur-
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faces. However, when cells were cultured on increasingly

flexible substrates, there was a corresponding change in

morphology: NRK cells became less well spread and ir-

regularly shaped. Highly active, phase-dense ruffles ap-

peared, not only along the periphery, but on the ventral

surface of the cell. 3T3 cells lost most of their stress fibers

and became increasingly spindle-shaped, with a concomi-

tant increase in the rate of locomotion.

These observations suggest that cellular motility is reg-

ulated according to the mechanical properties of the sur-

rounding environment. The initial response likely origi-

nates at cell-substrate adhesion sites, where mechanical

input can be translated into intracellular signals. Indeed,

microinjection of fluorescent vinculin showed that focal

adhesions in cells cultured on highly flexible substrates

become irregular in morphology and much less stable

than those in cells on rigid substrates. Similar differences

were found when cells were immunostained for phospho-

tyrosine. In addition, immunoblots with anti-phosphotyro-

sine Py20 antibody indicated that the overall extent of

phosphorylation on flexible substrates was greatly re-

duced in comparison with that of cells plated on plastic

or rigid surfaces.

Treatment of cells on flexible substrates with phenylar-

sine oxide, a tyrosine phosphatase inhibitor, resulted in

the formation of normal focal adhesions. Conversely,

treatment of cells on firm substrates with myosin Il/myo-

sin light chain kinase inhibitors 2,3-butanedione monox-

ime or KT5926 caused large focal adhesions to disappear,

as on flexible substrates. These results are consistent with

the idea that cells use an actin-myosin-based push-pull

mechanism at their integrin receptors to probe their me-

chanical environment. The responses then affect the level

of tyrosine phosphorylation on the cytoplasmic side,

which in turn regulates the formation and stability of focal

adhesions and possibly motile activities (Fig. 1).

The present results, together with a growing list of

observations suggesting that cells can respond to both the
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magnitude and distribution of adhesion forces, strongly

indicate that communication through physical signals is

as important as communication mediated by chemical

messengers. Physiologically, the mechanical properties of

I—I—

i

B

a cell's surrounding environment could be modulated by

the synthesis or degradation of ECM proteins, by the

movement of surrounding cells, or by the pressure or

fluid shear of blood flow. Such events are likely to occur

frequently during embryonic development and wound
healing, and may play an important role in guiding cell

movement and regulating cell functions.
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Figure 1. Model of anchorage-tension mediated signal transduction.

We propose that integrins diffuse along the plasma membrane (A) and,

on their cytoplasmic phase, are associated with a tension-sensitive signal

transduction complex. The occupancy of extracellular matrix binding

sites causes the actin-myosin cytoskeleton to associate with integrins

and start to exert motile or tensile forces (B and C. small solid arrows).

However, with soluble extracellular matrix components. (B, represented

by thin line), or on highly flexible substrates (C. represented by spring),

the association with the cytoskeleton is unstable, and the force on the

tension-sensitive complex is weak. Thus, the tension-sensitive complex

remains in a largely unphosphorylated state. When integrins become

anchored to rigid substrates (D. represented by thick rod), the tension

on the cytoplasmic phase increases (D. large solid arrows), causing

activation of an associated tyrosine kinase. Tyrosine phosphorylation of

proteins, in turn, leads to the amplification and stabilization of cytoskele-

tal association and multiple downstream respon.ses. The mobility of

integrins is indicated with hollow arrows.

Discussion

Schwartz: Does phenyl arsine oxide inhibit ruffling and

motility?

Wang: Yes.

Schwartz: If cells are on a matrix that has a gradient of

rigidity, can you predict which end the cells should move to-

wards?

Wang: That is a good question. If a cell is on the rigid side

of the matrix, I can argue that when the pseudopod stretches

into the softer side of the matrix it will become more active,

whereas the pseudopod in the rigid side will become less active.

This predicted increase in activity should direct or stabilize the

pseudopod, driving the cell to the soft flexible end of the sub-

strate. Conversely. I can turn the argument around. The cell

could use a temporal sensing mechanism similar to bacterial
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chemotaxis. When motile cells that are on the flexible side of

the matrix enter the rigid side, they could become immobilized.

This would lead to accumulation of cells on the rigid side of

the matrix. The answer to your question must come from the

experiments.

Bruinsma; You said that the cell is sensing the shear modu-

lus of the polyacrylamide gel. (Wang: That is correct). If you

destroy the cross linking in the polyacrylamide gel to form a

very viscous polymer melt, what would happen? Do the cells

only sense the shear modulus, or do they perhaps also sense

regions of different viscosity?

Wang: Based on our current observations, where we have

been looking at a rigid surface. I cannot predict what will happen

with changes in vi.scosity. We haven't looked at cells plated on

a viscous fluid, which is what it would take to answer your

question. The experiment that you suggest is a good one. This

will require a substrate where we can modulate flexibility to

follow cell behavior from the entirely cross linked to the fluid

state.
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The elastic response of plant and animal cells depends

on a network of protein filaments that form the cytoskele-

ton. This is a complex and highly dynamic composite of

filamentous proteins, together with a range of accessory

proteins for initiating and terminating polymerization, in-

troducing cross-links, and forming lateral arrays or bun-

dles of filaments (Alberts, 1994). A principal component

of this is the actin cortex, which is itself an entangled

and cross-linked network of F-actin. This cortex appears

to be responsible for the mechanical stability and resis-

tance of eukaryotic cells to external stresses. Coordinated

assembly and disassembly of this network in response to

cellular signals also appears to play a crucial role in cell

locomotion (Stossel, 1994).

The actin cortex, consisting of entangled or cross-

linked actin filaments (F-actin), resembles solutions and

gels of common synthetic polymers. However, the actin

cortex in vivo— as well as //( vitro models of the actin

cortex, consisting of solutions of reconstituted F-actin—
exhibit unique properties that cannot be accounted for by

the well-established models of synthetic polymer gels and

solutions (DeGennes, 1979; Doi, 1988). For instance, the

elastic moduli (specifically, the shear modulus) of actin

networks can be several orders of magnitude larger than

for comparable synthetic polymer systems {e.g., at the

same concentration). This is a key property of actin net-

works, as many types of cells must withstand shear

stresses as large as 1000 Pa, or even more. Furthermore,
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the results of several experiments in which different ele-

ments of the cytoskeleton were disrupted suggest that the

mechanical stability of cells and their elastic resistance

to such applied stresses is primarily due to the actin cor-

tex. Thus, the origin of high-shear moduli of the actin

cortex poses an important problem for cell biology.

Progress has been made, recently, in defining the un-

usual rheology (including the elastic shear modulus) of

solutions containing actin filaments purified from muscle;

and theoretical models have been devised to explain the

viscoelastic properties of these systems (MacKintosh,

1995; Isambert, 1996; Krov, 1996; Satcher, 1996). All of

these models are based, in part, on the known rigidity of

actin filaments, as compared with conventional polymer

systems. This rigidity (or semi-flexibility) is characterized

by & persistence length—the typical length at which ther-

mal fluctuations begin to bend the polymer in different

directions. For actin, this length is several micrometers

(Gittes, 1993; Ott, 1993). However, rigid constituent fil-

aments do not necessarily produce entangled solutions or

gels with increased rigidity. Indeed, increased polymer

stiffness can actually reduce dramatically the shear modu-

lus of a solution (Isambert. 1996), and this is due to

reduced entanglement (Semenov, 1986).

Here, we describe a model that can account for the

large shear moduli observed for actin networks. Specifi-

cally, we predict a shear modulus

kT ^ kT

for densely crosslinked gels, where k is the filament stiff-

ness, A: is Boltzmann's constant, T is the temperature, ^

is the so-called mesh size (or typical spacing between

polymers), c^ is the concentration of actin monomers of

size a comprising the filaments. For entangled (un-
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Figure 1. The measured shear elastic modulus G of actm networks

as a function of concentration in mg/ml (Janmey, 1991 ). The predicted

scaling of modulus with concentration c, is shown as the solid line

(MacKintosh. 1995). Here. G ^ q"".

crosslinked) filaments, somewhat weaker concentration

and filament stiffness dependencies are predicted:

-(f.)"
(cic,,y

The latter concentration dependence of the shear modulus

is in accord with recent experiments on in vitro solutions

of F-actin (Janmey. 1991): see Figure 1.

We also report on ongoing experimental and theoretical

characterizations of local viscoelasticity of actin solu-

tions, as observed with embedded micrometer-size parti-

cles. These methods can be used to measure the shear

and compression moduli, as well as the dynamics of solu-

tions and gels at the micrometer scale. Small, inert, spheri-

cal beads of 0.5 to 5.0 ^m diameter are placed in actin and

polyacrylamide (used as control) gels. Through sensitive

detection (resolution about 1 nm) of the thermal motion

of individual beads, over frequencies ranging from 0. 1 Hz

to 10 kHz, both storage and loss shear moduli can be

determined as functions of frequency (Gittes, 1997;

Schnurr. 1997).
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Discussion

Boal: a similar ideal expression for the shear modulus is

applied in studies of two-dimensional polymeric nets. The shear

is proportional to the density of nodes. But when steric interac-

tions and the self-avoidance of polymers are accounted for, then

the proportionality changes from density to the power one to

density to the power 1.2 or 1.25. You showed a plot of the

shear modulus as a function of density. You did not comment

on what the exponent was. or what the scaling factor is. Is it

very much different from one?

Mackintosh: The change that you mentioned is not quite

as dramadc in three dimensions. The scaling of the modulus

with concentration for polymer chains in a good solvent in

three dimensions, as predicted by established models of flexible

polymers, is with a power of about 2.2. Specitically, the shear

modulus G should be proportional to c" ". The model I presented

predicts an exponent of 2.5 for densely crosslinked networks

of filaments such as actin. I mentioned an interesting subtlety

about going from cross-linked networks to entangled networks.

For conventional (flexible) polymer systems, there is no differ-

ence between the two in the scaling exponent with concentra-

tion. For systems such as actin. I get an exponent of about "A
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= 2.2 if there are no cross-links

—

i.e.. a different exponent

from that predicted for cross-linked actin networks. In this case,

the power law. not just the amplitude, changes. The figure I

showed was for an exponent of "A, the exponent predicted

for entangled semiflexible chains such as actin. This apparent

qualitative distinction between entangled and crosslinked semi-

flexible polymers is a subtle point that is not yet well under-

stood. But. I think it is a subtle problem to pursue.

Chien: You measure the microviscosity in a dynamic way,

but the macro-rheology is done in a static way. Did you also

do the dynamic measurement to see how phase angle and visco-

elasticity compare with the micro measurements?

Mackintosh: Measurements for solutions of this kind by

conventional macroscopic rheology techniques, as carried out,

for example, by Paul Janmey's group, can be done only for

frequencies less than 100 Hz at most. To my knowledge no

measurements of any kind have been made for actin above this

range, although in principle it can be done with more specialized

instruments. The frequency dependence of the shear moduli was

studied by the Munich group in the range below 100 Hz. The

data were quite limited, but a small increase with frequency was

reported. The reported frequency dependence is not inconsistent

with the behavior expected for conventional polymer networks

(e.g.. a power law dependence on frequency with exponent of

about 0.5), even though the magnitude of the shear modulus is

way off relative to conventional polymers. This is one of the

interesting puzzles, for which no one yet seems to have a very

good microscopic understanding. Although the origin of elastic-

ity is quite different, the dynamics turn out to be very similar

at high frequency. A value for the exponent of 0.7 is distinguish-

able from conventional systems. Generalization of the model

that predicts an increase of the shear modulus with the power

0.5 frequency to semi-flexible systems would predict a power

of 0.25. That is still surprising to me.

Chien: It is known that with shear the endothelial cell will

reorganize its cytoskeletal fibers. In your model, how does the

organization affect the shear modulus— for example, alignment

of the fibers with flow?

Mackintosh: What I have been talking about is the linear

response of the network to small strains. The effect you men-

tioned is one of two things. It is either a nonlinear response (as

evidenced by the alignment that results from shearing the net-

work beyond a certain amount), or low-frequency behavior in

which the network responds and flows. I did not try to address

either of those limits. I only discussed the linear response of

the network to small strains and at moderately high frequencies,

relative to the effects you mentioned.

Stewart: What you have described seems to be a wonderful

explanation in accounting for actin at 1 mg/ml. I was wondering

how easily this can be extrapolated to the actin concentrations

that might be found in a cell where the free water concentration

will be down to 5- 10 M. Can this be extrapolated to 10-20 mg/

ml F-actin?

Mackintosh: As you probably know, if you take these net-

works and concentrate them they form an equilibrium nematic

phase of aligned filaments. The reason for this is that the molec-

ular weight in these //; vilrn models is much higher than in the

cell. If you break the filaments down to smaller molecular

weight, formation of the nematic phase doesn't become a prob-

lem, even at elevated concentrations. That is one way of extrap-

olating our model to higher concentrations while maintaining

isotropic networks. The network is also highly dynamic, but

that is beyond the scope of our current work where we are

simply interested in understanding the basic polymeric-like re-

sponses of the networks.

Briunsma: What would happen if you had stiff impurities

in your actin system, such as randomly dispersed microtubules?

How would the elastic properties of such an inhomogeneous

system differ from the homogeneous structure? Could the stiff-

ness that results from the presence of stiff rods of microtubules

be magnified elsewhere in the system?

Mackintosh: You might imagine that a shear response

would result from bending the microtubule filaments. However,

if you apply a uniform macroscopic strain to the sample, you

get no bending of such inclusions. It may seem counterintuitive,

but filaments do not bend when subject to uniform strain. If the

strain is not uniform, the response may be nonlinear, since the

degree of nonuniformity would itself be an increasing function

of strain. Therefore, I would expect a change in the nonlineari-

ties of the response, but not necessarily in the linear response.



Reference; Biol. Bull. 194: 354-357. Uune, 1998)

Stabilization and Functional Modulation of

Microtubules by Microtubule-Associated Protein 4

H. L. NGUYEN. D. GRUBER. T. MCGRAW. M. P. SHEETZ. AND J. C. BULINSKI

Departments of Anatomy and Cell Biology and Pathology. Columbia University,

College of Physicians and Surgeons. New York. New York 10032

Microtubules (MTs) are hollow cytoplasmic fibers that

are composed of a dimenc protein called tubulin, as well

as several MT-associated proteins (MAPs) bound along

their surface. MTs are believed to play important roles

in a variety of cellular processes, including mitosis, cell

motility, and intracellular vesicle transport. Both in vitro

and in vivo, individual MTs are dynamic; that is. they

undergo alternating periods of polymerization and depo-

lymerization from their ends, a process known as dynamic

instability. The dynamic behavior of MTs is thought to

play an important role both in cell cycle events and in

cell differentiation.

MAPs have been postulated to function as in vivo regu-

lators of the dynamics and functions of MTs. Based on

in vitro studies, several MAPs have been classified as

assembly-promoting MAPs, because they stimulate MT
polymerization. Tau and MAP2 are assembly-promoting

MAPs expressed almost exclusively in nervous tissue;

MAP4, the subject of our research, is another assembly-

promoting MAP of -210 kDa, which is expressed

throughout all tissues of all vertebrate organisms that have

been examined. MAP4 is the most abundant non-tubulin

component of MTs in proliferating ceils and non-neuronal

tissues, but it is down-regulated in its expression during

neuronal differentiation. Because MAP4 is present along

the length of MTs that are performing functions as diverse

as organizing and transporting organelles and vesicles in
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interphase cells, rearranging the MT array and altering

MT dynamics for mitosis, changing cell shape, and speci-

fying directional motility, we and others have hypothe-

sized that MAP4 plays roles in the regulation of MT
dynamics. MT organization, and MT-based transport pro-

cesses /;; vivo. In turn MAP4, itself, is subject to regula-

tion as the MT system adapts to changes in the cell cycle

or the cell's environment.

To investigate the in vivo functions of MAP4, we pre-

pared stably transfected clonal mouse L""" cell lines ex-

pressing either full-length MAP4 (L-MAP4 cells) or its

MT-binding domain (L-MTB cells); see Figure 1. Al-

though transfectants showed no dramatic defect in mor-

phology or level of MT polymer, as compared with

naive L*^ cells or L-MOCK cells (transfected with vector

alone). MTs in L-MAP4 and L-MTB cells showed greater

stability than those in control cells. Stability was moni-

tored by the level of post-translationally detyrosinated a-

tubulin and by a quantitative nocodazole-resistance assay.

In vivo, the MT-binding domain of MAP4 stabilized MTs
less potently than full-length MAP4. in contrast to the

equivalent efficacy demonstrated previously in studies of

//; vitro MT polymerization. L-MAP4 and L-MTB cells

grew significantly more slowly than control cells; this

growth inhibition was not due to mitotic arrest or cell

death. L-MAP4 and L-MTB cells also exhibited greater

tolerance to the MT-depolymerizing agent nocodazole,

but not to the MT-polymerizing agent taxol. Results with

these transfected cell lines demonstrated that MAP4 and

its MT-binding domain are capable of MT stabilization

in vivo, and that increasing the intracellular level of MAP4
affects cell growth parameters.

The L'^" cell lines we have generated, which inducibly

overexpress different levels and domains of MAP4, have

allowed us to address further questions about the
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Overexpression of MAP4 Inhibits Cell Growth
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Figure 1. The top ponion of the figure shows a growth curve of naiive L"-" cells and those expressing

empty plasmid. MAP4-MTB. and full-length MAP4 (called L-MOCK or MOCK. L-MTB #8-4. and L-

MAP4-4r #13-2, respectively!. The cells expressing MAP4 constructs are clearly inhibited in their growth.

Expression of MAP4 in the transfectants can be visualized in the immunofluorescence micrographs shown

at the bottom of the figure. Cells were stained with a primate-specific antibody to MAP4; the MAP4-MTB

and full-length MAP4 present in L-MTB and L-MAP4 cells respectively display bright microtubule staining,

while those cells expressing only plasmid (L-MOCK cells) exhibit only dimmer, diffuse staining with the

MAP4 antibody.
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functional interactions of MAP4 in vivo. For example,

we examined the distribution of various organelles in L-

MAP4 and L-MTB cells, hoping that any alterations in

cytoplasmic organization would suggest binding interac-

tions of MAP4, which we could then test. In these studies,

we noted no change in organelle position, cytoplasmic

organization, or cell morphology when we labeled L-

MAP4 or L-MTB cells with anti-mannose-6-P, wheat

germ agglutinin, anti-cytochrome r, anti-actin, or anti-

vimentin antibodies to localize various organelles.

Previous in vitro work had demonstrated that assembly-

promoting MAPs can inhibit organellar trafficking along

MTs, by sterically hindering kinesin or dynein motility

(Lopes and Sheetz, 1993; and unpubl. data, same authors).

Thus, we reasoned that, although the steady-state distribu-

tion of cellular organelles might appear to be normal,

there might nonetheless be defects in in vivo organellar

trafficking. Such a defect might affect cell growth, per-

haps partially explaining the cell growth defects we had

measured. Yet, since the deficit in organellar trafficking

predicted from //; vitro work would be a kinetic decrease

rather than a permanent blockage, no obvious defect in

morphology or organellar distribution would be expected.

We tested this hypothesis by examining //( vivo organ-

elle motility in L-MAP4 and L-MTB cells under high

resolution DIC. In both high- and low-expressing L-

MAP4 and L-MTB cells, movements of organelles were

severely decreased, as compared with L-MOCK or L"""

cells, and the inhibition was greater in the lines that ex-

pressed higher levels of MAP4 or MTB. MTB was almost

as effective at inhibiting in vivo motility as L-MAP4, but

was not as potent as the full-length molecule. We next

asked whether in vivo vesicle motility was inhibited by

the presence of MTB or MAP4. per se, or whether the

inhibition could be ascribed to MT stabilization alone.

To answer this question, we treated cells with several

concentrations of the MT stabilizing drug taxol. Our re-

sults showed that MT stabilization alone was not nearly

as effective as MAP4 or MTB at inhibiting movement.

To elucidate the types of transport events altered by

overexpression of MAP4 or MTB. we used fluorescent

markers to perform several assays of cell-sorting func-

tions. We noted defects or retardation in endocytosis

(monitoring recycling of Cy3-transferrin). LDL uptake

and processing (using di-I LDL), and sorting to lysosomes

(observing movement and intensity of FITC-dextran).

These data suggested that either MAP4 or MTB, coated

onto cellular MTs, was capable of inhibiting normal MT-
based transport events in vivo.

As before, we asked whether the inhibition of cellular

activities dependent on organellar motility was attributable

to the presence of extra MAP4 or MTB, or whether it was

due to the MAP-induced alteration in MT stability. Again,

we found that the former possibility was the correct one,

because concentrations of taxol that produced equivalent

MT stability had virtually no effect on trafficking events.

This was particularly exciting to us, for two reasons: First,

our results suggested that cells could regulate transport

along individual MTs in a single cell by producing high

or low local concentrations of MAP4 along different fibers.

Moreover, at least one kinase capable of releasing MAP4
from MTs, called MARK (MT-affinity regulating kinase;

Drewes et al, 1997), has been described. Alternatively,

however, extensive end dynamics, in which MTs depoly-

merize near their ends and MAP4 rebinds at higher con-

centration to the shortened MT, could provide a stochastic

heterogeneity in MAP4 composition that would be capable

of altering transport efficiency on individual MTs. Indeed,

heterogeneity in MAP4 level along MTs has been observed

previously (Chapin and Bulinski, 1994). The second excit-

ing aspect of these results is that the observed inhibition

of transport properties does not appear in the absence of

MTs or at the expense of MT dynamics. In most previous

studies, by contrast, inhibition of vesicle transport or traf-

ficking events has been measured in the presence of con-

centrations of nocodazole or taxol that, respectively, com-

pletely depolymerize or stabilize MTs. Our data suggest

that the control of MAP4 content along an MT is a potential

regulator of transport events along that fiber; this is an area

of current study in our laboratory.

In summary, we have used a system in which human
MAP4 or its MT-binding domain is inducibly overex-

pressed in a cultured line of rodent cells to investigate

the in vivo functions of MAP4. We have found that over-

expressed MAP4 can contribute to MT stabilization, can

affect cell growth parameters, and can inhibit vesicle mo-

tility ;/( vivo. Our results suggest that alterations in MAP4
expression, or MT stabilization itself, may be physiologi-

cally significant mechanisms for altering cell growth and

intracellular transport //; vivo; these MAP4 alterations

may occur during the cell growth or development, or

during experimental manipulations or pathologies.
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Discussion

Goldman: Have you looked at the rate of individual organ-

elle translocations, or did you say fewer particles move in cells

that overe.xpress MAP4'? A second question is, do any of the

motor molecules compete with MAP4 for binding sites on mi-

crotubules?

Bulinski: We don't have the resolution to look at rate of

organelle translocations. In answer to your second question, we

have not yet done the work to see whether motor molecules

compete with MAP4 for those binding sites. Since the microtu-

buie-binding domain of MAP4 is homologous to those of MAP2

and Tau. we can extrapolate from studies done on those MAPs.

However, there is a conflict in the literature about this. In the

original research. Lopez and Sheetz compared three molecules:

full-length MAP2. microtubule-binding domain of MAP2 cre-

ated by protease digestion, and Tau. which has the same micro-

tubule-binding domain but only a small projection domain. They

found viitually no inhibition by Tau or the MAP2 microtubule-

binding domain, and concluded that inhibition was due to steric

factors. However, these studies were conducted at a very low

ratio of MAP to tubulin. There is contradictory evidence in

another paper from a different group. However, there are other

experiments that show fairly good competition data. In our cells

we have a high ratio of MAP to tubulin. We've calculated that

if the vesicle is 0.1 ^m in diameter and there are 50 MAP4
molecules along a microtubule, the vesicle will run into a num-

ber of the MAP4 molecules as it transits along the microtubule.

In the cells where we have increased MAP content sevenfold,

this movement will be inhibited.

Goldman: Could that account for saltatory movement?

Bulinski: We cannot see the individual tracks the vesicle

moves on in vivo. This can be seen in the in vitro system where

one can measure run time, the time that the vesicle stays on a

microtubule before it falls off. The presence of MAP molecules

decreases this run time.

LiAO: Are these microtubule-dependent transport events?

Bulinski: Yes. they are similar to transferrin receptor move-

ments, which have been studied with microtubule active drugs.

There was no vesicle movement for the in vivo motility when

the cells were treated with nocadazole. There was decreased

movement when they were treated with vanadate, an inhibitor

of dynein. These events are microtubule-based movement.

Luna: Are there lower levels of MAP4 or other MAPs in the

melanocytes? Could this represent an instance of microtubule

motors run amok? Controlling access to the number of binding

sites through steric hindrance would slightly reduce motility of

a vesicle along a microtubule; con,sequently. you would expect

it to cause greater reduction in the ability of the vesicles to

serve as multivalent crosslinkers.

Bulinski: We don't know anything about the level of non-

motor MAPs. also called assembly-promoting MAPs or struc-

tural MAPs (such as MAP4) in melanocytes. 1 have discussed

MAP4 in my presentation. However, there are other MAPs in

these cells that may have the same or similar properties. When

we increase the level of one MAP, this doesn't tell us about

the other MAPs that are present and may function in the same

way. There are also kinases, such as MARK (microtubule-affin-

ity regulating) kinase, that can phosphoi^late a single site on

MAP4 and remove it from the microtubule. If that is a regulated

event, it could help pigment transport or process formation.

Albrecht-Buiehllr: Is it cause or effect that is observed,

and could it be that you found the handle on the cellular clock?

Bulinski: The cyclin people think that they have the comer

on the market of the cell cycle. 1 don't think it is likely that

cells would normally regulate their growth this way. But it is

a possibility. I suppose, that regulation of MAPs on MTs could

have an effect on cell growth. I was hoping that significant

effects on transport would be produced by stabilizing the micro-

tubules. That would have had implications for how some of

these chemotherapeutic drugs work, at concentrations lower

than those required to alter mitosis, by altering growth-related

transport phenomena. So in some ways I was disappointed that

microtubule stability had so little effect.

Chen: You had no trouble loading LDL or transfen-in. which

implies that the kinesin pathway works fine, but the dynein does

not.

Bulinski: When we've used iodinated transferrin or iodin-

ated LDL. they both seem to load up fairly rapidly. That sug-

gests that it's not microtubule-based transport, or that it would

not be very inhibitory to the dynein motor. But it's still not

clear that an hour would be a limiting time frame for a kinetic

limitation of transport by MAPs.
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Most eukaryotic cells respond to developmental or en-

vironmental stimuli with a change in their polarity. Inher-

ent in this behavior is the ability of the cell to detect the

extracellular cue, to transmit a signal across a plasma

membrane, and to translate the signal into molecules that

can produce the requisite architecture of change. The

overall response could be modulated by the expression

of new genes, but since many such responses can be

generated without new genetic input, this is not an essen-

tial feature of the response. We and others have been

asking, in particular, how elements of the cytoskeleton,

especially microtubules (MTs). contribute to the genera-

tion of cellular polarity by responding to environmental

cues and transmitting the information to other cellular

constituents. Unlike other signal transduction systems

{e.g., growth factor activation of gene expression), the

one involving MTs mediates a cellular response that re-

flects the spatial information provided by the original ex-

tracellular cue. Individual elements of this MT system

will be described, and the possible mechanisms by which

cells achieve functional polarity will be discussed.

The biological system that we use in most of our studies

is an in vitro wound-healing model. Fibroblasts are grown

in culture until confluent, and narrow strips of cells are

then scraped off the substratum. The cells at the wound
edge are initially unpolarized, but in response to

wounding, they become polarized with their long axis

perpendicular to the wound and with an active leading

edge at the portion of the cell facing the cell-free area.

This paper was originally presented at a workshop titled The Cytoskel-

eton: Mechanical. Physical, ami Biological Interactions. The workshop,

which was held at the Marine Biological Laboratory, Woods Hole.

Massachusetts, from 15-17 November 1996, was spon.sored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Administration under

Cooperative Agreement NCC 2-896.

As a result of this polarization, the cells are able to move

directionally into the wound. This model system has a

number of advantages for the study of cell polarization:

the cellular response is rapid (on the order of minutes);

the cells respond synchronously; and polarization can be

measured both structurally (cell shape parameters) and

functionally (cell migration parameters).

The state of the MTs in cultured fibroblasts before

wounding is typical of the MTs in many nonpolarized

cells grown in culture. The MTs radiate from a central

focus near the nucleus and fill the cytoplasm without

any particular bias to one portion of the cell. By directly

imaging MTs in cells that have been microinjected with

a fluorescent rhodamine-derivative of tubulin (the subunit

protein of MTs), we observed that MTs in cells exhibit

dynamic instability (periods of growth and shrinkage,

with infrequent and rapid transitions between the two

phases), a condition similar to that exhibited by MTs in

many nonpolarized cells. The dynamic instability of MTs
in nonpolarized cells is thought to contribute to the short

half-life of these MTs, which has been reported to be

5-10 min (Saxton et al., 1984; Schulze and Kirschner,

1986).

One of the first responses to wounding is the stabilization

of a subset of dynamic MTs. In particular, MTs that are

oriented toward the wound become stabilized (Gundersen

and Bulinski, 1988; Nagasaki et al., 1992; Gundersen et

al.. 1994). With a rapid assay to detect MT stabilization,

we have observed the formation of stable MTs in as little

as 5 min after the addition of growth factors to wounded

monolayers of serum-starved cells. This suggests that MTs
are poised to respond rapidly to extracellular cues and can

function on a fime .scale that is consistent with many cell

behaviors. We are currendy trying to identify the factors

that are involved in stabilizing the MTs in a localized area

and have found that activated rho (a ras-related, small
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GTPase) is both necessary and sufficient to mediate tiie

selective stabilization of MTs at the wound edge (Cook et

ai. 1998). We propose that rho is part of a signaling cascade

that locally activates or recruits MT stabilizing factors in

the leading edge of the cell. We are attempting to identify

other factors in this signaling pathway, as well as the factors

mediating the MT stabilization.

Shortly after the MTs become stabilized, they accumu-

late a post-translationally modified form of tubulin known

as detyrosinated tubulin. This modification involves the

removal of a tyrosine residue from the C-terminus of a-

tubulin by a specific tubulin carboxypeptidase, and this

occurs predominantly on polymeric tubulin (Hallak et ai.

1977). Detyrosination is reversible, and tyrosine is re-

added by a second enzyme, tubulin tyrosine ligase (Ray-

bin and Flavin, 1977). This enzyme is active only on

soluble tubulin and is responsible for keeping the mono-

mer pool of tubulin completely tyrosinated //( vivo (Gun-

dersen etal.. 1987). In cells, therefore, newly polymerized

MTs are composed of tyrosinated tubulin. If these MTs

turn over rapidly, they are not significantly detyrosinated

by the carboxypeptidase. but if they are stabilized, the

carboxypeptidase can generate MTs with high levels of

detyrosinated tubulin. A subset of MTs with elevated lev-

els of detyrosinated tubulin (termed Giu MTs after the

C-terminal G/(/tamate residue of detyrosinated tubulin)

has been demonstrated; and these MTs are also stable

(reviewed in Bulinski and Gundersen, 1991). In the

wound-edge cells, the Glu MTs are oriented toward the

wound. Thus, the stabilization of MTs at the leading edge

of wounded cells generates a polarized array of MTs that

are biochemically distinct from the randomly distributed

dynamic MTs.

What is the consequence of detyrosinating the tubulin

that constitutes stable MTs? Recently, we have found

that intermediate filaments, another type of cytoskeletal

filament, are preferentially aligned with the Glu MTs in

wound-edge cells (Gurland and Gundersen, 1995). This

preferential coalignment was disrupted by microinjecting

cells with antibodies to detyrosinated tubulin, but not with

antibodies to tyrosinated tubulin. More recently, we have

found that a nonpolymerizable form of detyrosinated tu-

bulin acts as a dominant negative inhibitor of the interme-

diate filament-MT interaction when microinjected into

cells (Kreitzer and Gundersen. pers. comm). Nonpoly-

merizable tyrosinated tubulin had no effect when microin-

jected. Since the nonpolymerizable detyrosinated tubulin

remained in the monomer pool and did not affect the

endogenous, stable Glu MTs, these results show directly

that detyrosination is involved in signaling or in recruiting

intermediate filaments onto stable Glu MTs. The func-

tional consequence of the association of intermediate fil-

aments with Glu MT is unknown, but it may rigidify the

leading lamella of the cell so that it is able to resist fluid

flow or other mechanical stresses. In any case, the para-

digm we have established for intermediate filaments may

be applicable to other organelles that are known to depend

on MTs for their location in cells.

To identify the molecules that specifically recognize

detyrosinated tubulin and mediate the interaction between

MTs and intermediate filaments, we attempted to block

the binding of proteins to MTs with antibodies to detyrosi-

nated or tyrosinated tubulin. We added crude preparations

of brain MT-associated proteins (MAPs) or MT motor

proteins to MTs composed of a mixture of detyrosinated

and tyrosinated tubulin, together with saturating levels of

antibody to either detyrosinated or tyrosinated tubulin.

Neither antibody significantly affected the binding of

brain MAPs. But antibody to detyrosinated tubulin did

block the MT-binding of a protein of -120 kD from the

brain MT motor preparations (Liao and Gunderson,

1998). We identified this protein as a kinesin based on

its apparent molecular weight, its reactivity with several

kinesin antibodies, and its ATP-dependent binding to

MTs. To test directly whether kinesin would bind prefer-

entially to detyrosinated tubulin, we examined the binding

of a recombinant kinesin head fragment to detyrosinated

and tyrosinated tubulin from cultured HeLa cells. We
found that there is a 2- to 3-fold tighter binding of kinesin

to detyrosinated tubulin (Liao and Gunderson. 1998).

These data suggest that detyrosination of tubulin may

regulate the interaction of kinesin with MTs, and they

support the idea that kinesin may mediate the interaction

between MTs and intermediate filaments. We are cur-

rently determining whether kinesin moves differently on

detyrosinated and tyrosinated tubulin, and whether

kinesin can move intermediate filaments along MTs.

In summary, our data support a model in which MTs

play a central role in generating cellular polarity. The

rapid dynamics of MTs allows MTs to act as a sensor for

changes in the extracellular milieu. In a process that we

still do not understand completely, dynamic MTs are con-

verted to stabilized MTs in portions of the cell adjacent

to the extracellular stimulus. After stabilization, the MTs

are modified by post-transitional modification. This step

does not alter the three-dimensional information resident

in the array of stabilized MTs. Rather, it translates the

change in MT dynamics into a biochemical signal that

can be interpreted by other cellular constituents. It also

ensures that the other cellular constituents are not able to

interfere with the process of MT dynamics; i.e.. the other

cellular constituents are incapable of interacting with ty-

rosinated tubulin monomer or with newly polymerized

MTs. There are at last six other tubulin post-translational

modifications, and we suggest that these may also be

involved in regulating MT interactions.
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Discussion

Goldman: Is there evidence that vimentin binds kinesin?

Gundersen: We have done the experiment and can detect

kinesin sedimenting with the intermediate tilaments. We haven't

done experiments to test whether this reflects a specific interac-

tion, but kinesin doesn't sediment by itself.

Green: Several laboratories have published data that the tu-

mor-suppressor gene-product APC binds to microtubules. Re-

cent research has produced some evidence that this association

occurs at the leading edge of cells, and it may have something

to do with motility. Have you looked at where APC is located

with respect to stable microtubules?

Gundersen: Yes. we have, and we are very interested in the

mechanism by which the microtubules are selectively stabilized.

We have indirect evidence for a specific capping phenomenon:

during time-lapse recordings of microtubules in cells, we have

observed microtubules to contact something and then stop their

dynamics. This may be why stable microtubules behave as they

do when diluted. Their ends are no longer active, so they don't

lose subunits. We don't know yet what is capping the microtu-

bules. It does not seem to be APC. James Nelson has provided

us with an antibody to APC, and we have colocalized APC with

Glu microtubules in a number of different cell types. We have

not seen a correspondence between APC staining and the ends

of Glu microtubules.

Taylor: How big is the kinesin that you were using to show

binding to the interinediate filament?

Gundersen; I believe it was 1 10 kDa. It is the major kinesin

in our crude motor preparations.

Taylor: But that's the whole molecule.

Gundersen: Yes. It appears that the kinesin heavy chain is

behaving this way.

Taylor: With something else attached to the bottom of that

heavy chain?

Gundersen; I don't know. The recombinant head alone

binds differentially to Glu and Tyr tubulin. Thus, I don't think

we need to invoke a light chain or some other associated mole-

cule to account for the difference in binding to Glu and Tyr

tubulin. We do not know, at this point, whether kinesin heavy

chain interacts with intermediate filaments or whether it's a

light chain or some other associated subunit that is responsible.

We are looking into this question.
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Intermediate filaments (IF) are major cytoskeletal con-

stituents of animal cells. For many years they were

thought to be the most stable of all of the different cy-

toskeletal systems. Recently, however, IF have been

shown to be in a state of dynamic equilibrium in growing

cells. In fibroblasts and epithelial cells, this has been dem-

onstrated in vivo by the finding that microinjected. soluble

vimentin and keratin subunits are incorporated into en-

dogenous IF (Vik.strom et ai. 1989; Miller et al.. 1991).

Other experiments involving fluorescence recovery after

photobleaching (FRAP) have demonstrated the existence

of a steady-state equilibrium between polymerized IF and

their subunits in vivo (Vikstrom et al., 1992). Further-

more, the exchange between IF subunits and their poly-

mers appears to be regulated by phosphorylation cata-

lyzed by different kinases and dephosphorylation cata-

lyzed by phosphatases (Eriksson et al.. 1992). Recently,

we have exploited this equilibrium state in vivo through

the use of mimetic peptides that are known to both drive

vimentin IF disassembly and to inhibit subunit polymer-

ization into IF at 1:1 molar ratios in vitro. The sequence

of these peptides is derived from the helix lA initiation

domain of the central rod region of either keratin or vi-

mentin. The same 1 A peptide carrying a single point mu-

tation has no obvious effect on vimentin IF assembly //;

vitro up to a 10-fold molar excess. We have also shown

that there are no detectable effects of the wild-type pep-
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tide on either the stability or polymerization of microtu-

bules and actin at 3-5 molar excesses in vitro. When
these peptides are injected into live cells containing vi-

mentin IF, they rapidly induce the disassembly of IF net-

works. This disassembly of IF in vivo is accompanied by

dramatic changes in cell shape and mechanical properties.

More specifically, cells lose their asymmetric shapes

within 15-45 min as they are transformed into a round

shape. Under these conditions, cell-substrate adhesions

are lost and there is an induction of microtubule and

microfilament disassembly. The rounded cells exhibit ac-

tive blebbing for short time intervals, but within 4-5 h

they have respread into their normal shapes and have

reestablished their cell-substrate contacts. These latter

changes are coincident with the reassembly of IF. micro-

tubule, and microfilainent networks. An important control

for these experiments has involved the microinjection of

the mutant peptide at the same concentrations. The results

demonstrate no significant changes in IF assembly, cell

shape, or microtubules and microfilaments (Goldman et

al.. 1996).

We have also carried out numerous additional controls

to make certain that the peptides are primarily targeting

IF. One of these controls has involved treatment of 3T3

cells with colchicine to depolymerize microtubules.

Thirty minutes after the addition of colchicine, microtu-

bules are not detected, and many IF remain extended from

the nuclear region to the cell surface. If the lA peptide

is injected into these cells, the effect on cell shape and

on actin-microfilaments appears to be the same as in un-

treated cells. Therefore, the effects on cell shape do not

depend on polymerized microtubules. The 1A peptide has

also been injected into fibroblasts derived from vimentin

knockout mice. These cells contain no detectable IF. but

they do contain extensive arrays of microtubules and mi-

361
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crofilaments. When the peptide is injected, no changes in

cell morphology are detected, and the microtubule and

microfilament systems remained unperturbed. All of these

experimental observations indicate that the peptide-in-

duced disioiption is specific for IF and has no obvious

effects on microtubules and microfilaments. Therefore, in

growing cells containing IF, the induction of their disas-

sembly leads to alterations in the stability of the other

major cytoskeletal components and a dramatic loss of

cellular mechanical properties and shape. These observa-

tions could be in part due to IF associated proteins

(IFAPs) that form bridges between IF and other cytoskele-

tal components. For example, BPAGln/dystonin and

plectin both have actin binding domains as well as IF

binding domains (for review see Chou et ai, 1997).

It has been suggested that the injection of these lA

peptides in vivo might lead to toxic side effects due to

the sudden release of large amounts of small oligomers

and monomers of vimentin. This does not appear to be

the case. For example, in 3T3 cells we have calculated

that molar ratios of 1:20 (peptide: vimentin) in vivo are

very effective in disassembling the IF network, altering

cell shape and microtubule/microfilament assembly

(Goldman et ai. 1996). At this concentration, we are

quite certain that the IF network disassembles into large

oligomeric complexes that should not have a significant

deleterious effect on overall cell physiology. This is also

indicated by the fact that cells treated with the peptide

fully recover within a few hours. In contrast, it has also

been demonstrated that the perturbation of the normal

organization of IF networks by a variety of different

agents does not have similar effects on cell shape and

cytoskeletal integrity. These include the reorganization of

IF following the disassembly of microtubules with inhibi-

tors such as colchicine, the microinjection of IF antibodies

and protein kinase A. and following heat shock (for dis-

cussion see Goldman et a!.. 1997). However, these treat-

ments do not specifically disassemble IF networks; rather

they appear to induce the relocation of existing polymer-

ized IF. The latter changes do not mimic the profound

changes in IF assembly states that occur following peptide

injection. Based on these considerations, we feel that the

lA peptide is a reliable probe for studying the functions

of IF in vivo.
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Discussion

Green; What are the differences in mechanical properties

between keratin filaments and type III filaments? Can we distin-

guish differences in mechanical properties in the bundles versus

individual keratin filaments?

Goldman: Paul Janmey is just beginning those experiments.

I can tell you one interesting preliminary finding. When we

inject the lA peptide into an epithelial cell, like a PTK cell

which normally does not move, the cells round up. All focal

adhesions disappear and the cells migrate numerous cell diame-

ters to another part of the cover slip. It looks as though the

motor systems can turn on when we disassemble keratin, and

the cells become actively migratory. As the keratin network re-

assembles, because it is quite reversible, we get a static cell

again. These epithelial cells usually grow in little islands and

are very stable; consequently, they don't move very much. So

it's possible that keratin could be acting as a brake on motility.

That's an important function because most tissue cells don't

move. In fact, they are terminally differentiated. My guess is

that a lot of the dynamic activities that we see. including those

of all cytoskeletal systems, are more related to actively growing

cells in culture.

FoRGACS: At this meeting good evidence has been presented

to show that the microtubule and the intermediate filament net-

work interconnect directly. You have shown us that actin and

intermediate filaments colocalize. Do you have any evidence

that this is more than just colocalization? If they do interact,

what would be the culprit for that?

Goldman: One interesting candidate, recently discovered by

Brown et at. (1995. Nat. Genetics. 10: 301-306) is dystonin.



INTERMEDIATE FILAMENTS. HEMIDESMOSOMES, AND DESMOSOMES 363

Mutation in this gene is responsible for Dystonia musculorwn.

a mutation in mice, which is a severe nervous disorder. In a

recent paper from Elaine Fuchs' lab (Yang et al. 1996. Cell 86:

655-65), BPAGl, a neuronal variant of bullous pemphigoid

antigen, is described as the same gene. The gene product has

never been isolated, but it has an actin-bmding domain and an

intermediate filament-binding domain. So there is at least one

possible cross-bridging element in addition to plectin. Research

presented by Gerhard Wiche and Gary Borisy and others at this

meeting show that it is very important to begin looking for

interactions among the different cytoskeletal systems.

Chen: When you inject the peptide, the intermediate fila-

ments disassemble, all the other polymers disassemble, and the

cells round up. In contrast, the vimentin-free cells show the

opposite reaction. Can you interpret these results?

Goldman: The vimentin-free cells don't have any intermedi-

ate filaments, so there's nothing to disassemble. This serves as

a control for our peptide experiment. It looks to us as if the

cells have a compensatory system which allows them to overex-

press other cytoskeletal proteins.

Chen: Why is that not happening when you depolymerize

the intermediate filaments in the normal cells?

Goldman: Because these reactions occur in 30 minutes, and

the recovery takes place in a few hours. Everything is already

there, and the cell just goes through a rapid reversal.

Gundersen: In previous studies of intermediate filament

function, antibodies to intermediate filaments were injected into

cells, causing the collapse of the intermediate filaments back

toward the nucleus. In these experiments, cell motility was not

affected, and the microtubules were fine. In your experiments,

when you injected a peptide it disrupted the intermediate fila-

ments, producing all these effects. Why do you think these two

experiments give such really disparate results?

Goldman: In our hands antibody injections do not retract

all of the intermediate filaments towards the nucleus (unpubl.

obs). Approximately 20% to 30%- of the intermediate filament

population is resistant, even when treated with colchicme or

other antimitotic drugs. Perhaps you don't need many filaments

to provide appropriate mechanical properties at the periphery

of the cell. Furthermore, the IF polymer doesn't appear to

change when you inject antibodies: only its organization

changes. It is still present in cells. This is very different from

the disassembly effects of the peptides.

Stewart: When you disassemble intermediate filaments in

vitro with your peptide, have you observed them with electron

microscopy to see what it looks like?

Goldman: I'll let Peter (Steinert) answer that.

Steinert: Yes, we have. The filaments basically unravel and

fall apart into subfilamentous units.
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Type II keratin 6 (K6) and type I keratins 16 and 17

(K16 and K17) are intermediate-filament (IF) proteins

that are induced in wound-edge keratinocytes as early as

4-6 h after injury to skin, either human or mouse. This

induction occurs at the expense of the keratin proteins

that are normally expressed in differentiating epidermal

keratinocytes. Correlated with these changes in protein

expression, keratinocytes— for 24 h following injury—
undergo major cytoarchitectural alterations that affect

their shape, intracellular organization, surface morphol-

ogy, and adhesion properties. We recently proposed that

the intrinsic properties of K16 are compatible with a direct

role in ""keratinocyte activation"" at the wound edge (Pal-

adini et ai. 1996). Unlike K14, a related type I keratin

that is constitutively expressed in epidermis, we found

that K16 forms unstable heterotetramer subunits that po-

lymerize into shorter filaments when paired with a variety

of type II keratin partners (e.g.. K5, K6b, K8). Such prop-

erties are of particular interest because it has been shown

in a number of studies that the tetramer subunit predomi-

nates in the soluble pool of IF subunits in epithelial and

nonepithelial cell lines in culture. The tetramer-forming

properties of K16 may thus influence its dynamic parti-
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tioning between the polymer and soluble pools and, as

such, play a key role in determining the overall impact

of its presence on the cytoarchitecture of epidermal kera-

tinocytes.

The main objective of this study was to determine the

biochemical basis of the unique tetramer-forming proper-

ties of K16 as a first step toward a full understanding of

its significance in the regulation and function of this kera-

tin. We showed that K16-containing tetramers are not

only less stable than K14-containing ones, but also less

stable than K17- and K19-containing ones, irrespective

of the type II keratin partner used. We exploited the re-

markable degree of primary sequence identity between

K14 and K16 to construct a series of chimeric K14-K16

cDNAs, obtaining the corresponding proteins in a purified

recombinant form and testing them for tetramer formation

using anion-exchange chromatography and chemical

cross-linking under denaturing buffer conditions. These

studies allowed us to define a segment, of about 200

amino acid residues, within the central a-helical rod do-

main (310 amino acid residues) that is responsible for the

difference in stability. Such a finding was expected, as the

rod domain has been identified as the main determinant in

the assembly of coiled-coil parallel dimer and anti-parallel

tetramer subunits. Alignment of the sequences for human

K14, K16. K17. and K19 over this 200-residue segment

led to the identification of a candidate residue, '^''Pro,

which is unique to K16 and has properties that are consis-

tent with a local disruption of the a-helical secondary

structure. Consistent with this prediction, site-directed

364
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mutagenesis revealed that '**'*Pro accounts quantitatively

for the instability of K16-containing heterotetramers un-

der denaturing conditions. Of note, introduction of a pro-

line residue at corresponding positions in K14 (""'Val-*-

Pro) and K17 ('"lle->Pro) rendered these keratins K16-

like in their tetramer-forming properties. We believe that

"^'^Pro contributes to the properties and functions of K16,

either by influencing its partitioning between the soluble

and polymer pools in the cytoplasm, or by causing it to

enter the assembly pathway as a heterodimer instead of

a heterotetramer. In addition, these data provide insights

into the assembly-productive conformation of the keratin

tetramer. a matter of contention in the literature, as well

as into the unique interdependency of type I and type II

keratin sequences for their assembly into 10-nm filaments.
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Discussion

Green: In tissues where keratin K16 is expressed at a low

level, how much of that is in an insoluble pool in the filament

system, and how much is in another type of pool that it is not

capable of being incorporated into?

Coulombe: This is something we really have to look into.

From our findings one could predict that the partitioning of

K16-containing subunits between the polymer pool and the sol-

uble pool should be different from other epidermal keratins.

This issue needs to be formally examined in an appropriate set

of experiments.

Aebi: The destabilization of your tetraniers by proline 188

in keratin 16 suggests that these tetramers are really N,N-type

half-stacked tetramers.

Coulombe: Yes. I would agree with that. This particular

proline mutation could tell us that the type of tetramer confor-

mation you are referring to is dominant. Conversely, this substi-

tution may favor the formation of other tetramer conformations

that would have different assembly properties. This may explain

why K16 forms relatively short filaments. These issues need to

be examined.

Aebi: When you get this overexpression of keratin K16, ei-

ther in your transfected cells or after wounding, what happens

to Kl and K6. which form the heterodimers? Does this also

Coulombe: Yes, they do go up. It's K16, K17 as type I

keratins, as well as K6, a type II keratin. Now we know that if

you make K5, K6, K14, K16, and K17 compete for one another

under conditions such that the type II are limiting, the one that

is left out as type I is 16. The monomer fractions in a wounded

keratin site must be looked at to see which keratin is going to

be predominant in the soluble pool. That's another issue we

need to examine.

Goldman: Can you speculate about what this might mean

in terms of cell physiology? What you are proposing is that K16

is almost a keratin poison. It makes shorter, poorly structured

filaments, which might increase motility during wound healing.

Why go to all this trouble when there are other ways to do this?

Coulombe: Your work has shown that phosphorylation

could produce comparable changes in filament structure. Gregg

Gundersen showed data at this meeting that suggest that one

might promote such reorganization of keratin filaments in a

fashion completely independent of keratin de novo synthesis,

simply by disrupting the interaction with microtubules. I think

that the polymer pool and the unpolymerized pool might have

separate functions. If one were to look at the in vivo peptide

disruption experiment that was performed in your laboratory, I

think that a possible mechanism for reorganization of the entire

cytoskeleton is that a soluble pool of tremendous size is sud-

denly created which the cell normally never sees. This causes

the other polymer systems to eventually come apart. In my
opinion, the application of molecular genetic approaches will

reveal that tetramers are binding to all kinds of cellular compo-

nents.

Luna: If keratins, or possibly all intermediate filaments, are

inherendy apolar, how do you get motility? How do you get

the kinds of movements that Bob Goldman saw? Are there

motors, interactions with microtubules, or is this the kind of

collapse of biopolymers that we heard about earlier?

Coulombe: It's clear that intermediate filaments in general
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lack polarity, which likely makes them unsuitable for use as

tracks for motor-based translocation. Moreover, they are very

convoluted, so it would be very inefficient for the cell to use

them as a track for specific transport events.

Green: Do we really know that for all of the intermediate

filaments?

Coulombe: Yes. I think so. The only possible polymeric

exceptions are neurofilaments, since it features those side arms

sticking out. What that means in terms of polarity might depend

on the way the subunits are integrated along the filament wall.

In terms of the basic character of the intermediate filament fiber,

it is an apolar structure because the two dimers come together

in antiparallel fashion to form a tetramer.

Goldman: I think the use of the term "collapse" is incor-

rect. Firstly, it requires energy to move the filaments back, and

this takes a long time. They don't collapse: it's not like a rubber

band. Secondly, keratin does not respond to colchicine or any

other antimitotic drug the way other intermediate filaments do.

Stewart: The fact that you have the two chains antiparallel

means that it is possible that the filaments lack polarity. It does

not mean that they lack polarity— they can still be quite polar

with the chains antiparallel. It is very important to realize that.

Albrecht-Buehler: a quick comment. I want to remind

you that many epithelial cells migrate as groups of 8-10 cells

tied together, not as single cells. I showed this in tissue culture

years ago. My point is that if you look for migration, you may

not find it in the single cells; you may find it in a whole group

of cells. Any changes in the keratin and intermediate filaments

may be expressed in the group and not in a single cell in the

usual way.

Coulombe: Although I did not talk about migration of PTK2

cells, your point is well taken. As I mentioned in my presenta-

tion, epidermal keratinocytes do migrate into a wound site as a

stratified epithelial sheet.
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The outermost visible layer of the skin consists of ter-

minally differentiated, flattened, dead, cornified cells

(squames). These squames consist predominantly of kera-

tin intermediate filaments (KIF) embedded in a matrix of

filaggrin, and these are contained within a specialized

thickened insoluble cell peripheral structure termed the

cornified cell envelope (CE). The primary function of

these cells is to provide a barrier against the environment.

We are interested in how these components are assembled

and integrated, since it now seems that any defect in

either component will cause a serious epidermal disorder,

generally an ichthyosiform disease.

One approach has been to study the structure of the

CE. The CE is a 15-20 nm-thick layer of insoluble pro-

tein formed on the inside of the plasma membrane during

terminal differentiation in the epidermis (as well as in

other stratified squamous epithelia). It constitutes about

10% of the mass of the cornified cell. Its insolubility is

largely attributable to cross-linking of certain structural

proteins by a series of transglutaminase (TGase) enzymes

which form an A^'iy-glutamyDlysine isopeptide bond be-

tween the y-amide sidechain of a donor glutamine residue

and the e-NH^ sidechain group of an acceptor lysine resi-

due. Since this bond cannot be cleaved in nature, the result

is an insoluble macromolecular complex. In addition, a
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series of (^--hydroxy ceramides become attached by ester

linkages to the cross-linked proteins on the extracellular

surface of the cornified cells. This composite protein-

lipid CE structure replaces the plasina membrane, and its

integrity is vital for barrier function.

Using limited proteolysis procedures, we have isolated

and sequenced large numbers of peptides that contain

cross-links, and have addressed such questions as which

proteins are involved: which glutamine and lysine resi-

dues are used on what parts of the proteins; what is the

temporal order of protein deposition; and what is the

mechanism of assembly of the CE. Quantitatively, most

cross-links are intra- and inter-chain links between lori-

crin, which is the most abundant CE protein (70%-80%).

This protein is unusual in that its content of glycine resi-

dues is the highest of any known protein in biology. The

glycine sequences are clustered into domains that are

thought to be configured as highly flexible loops, inter-

spersed by glutamine and lysine rich domains that are the

sites of cross-linking. In addition, some cross-links are

between loricrin and representatives of the small proline-

rich protein (SPR) class (about 5% of total). Most of these

linkages suggest that the SPRs serve as cross-bridging

proteins. The SPRs contain more proline than any proteins

known in biology, and include least 10 different proteins

that are differentially expressed in the epidermis of differ-

ent body sites. The prolines are distributed among peptide

repeats of 8 or 9 residues; the repeats are located in a

central domain, and each domain comprises from about 3

(smallest SPR protein) to 23 (largest SPR protein) repeats.

These peptide repeats are thought to form a relatively

stiff structure. The glutamines and lysines used for cross-

linking are located on the head (amino-terminal) and tail
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(carboxy-terminal) domains of the SPRs. Together, lori-

crin and the SPRs constitute 85% of the protein mass of

the CE of the epidermis. Protein expression data show

that loricrin and the SPR proteins are located on the intra-

cellular side of the CE; thus these proteins must have

been accumulated onto the CE structure during the last

stages of its assembly. Thus the bulk of the CE consists

of a "solution" of SPRs in loricrin. Although the total

amount of loricrin + SPRs remains constant in the epider-

mis of different body sites, we tind the content of SPRs

is highest in the epidermis of the palms and soles, with

decreasing amounts in elbows, lips, foreskin, and trunk.

This series is correlated with decreasing epidermal thick-

ness and with the relative amount of mechanical stress or

trauma that these epidermal sites undergo during their

normal function.

This variability in composition is familiar to materials

science, wherein variations in the amounts of a minor

cross-bridging component can greatly change the me-

chanical properties of a composite material. We therefore

speculate that the differential expression of the SPRs re-

flects the required biomechanical properties of the epider-

mis of different body sites.

When the ceramide lipids were removed by mild alka-

line hydrolysis, we found that a number of other CE
proteins were exposed for immunogold electron micros-

copy. These proteins presumably represent the innermost

components of the CE, coixesponding to its initial stages

of assembly. By additional proteolysis and sequencing,

we have found many cross-links within involucrin and

between such proteins as involucrin and desmoplakin, or

cystatin a, or envoplakin, or loricrin and SPRs.

Some cross-linking also involved the type II keratins

KI, K2e. K5, and K6. Only one lysine residue in these

keratin chains was used for cross-linking: it is located in

a conserved stretch of sequences in the V 1 head domain.

This residue is important in two ways. First, in in vitro

crosslinking reactions, TGase enzymes specifically utilize

this lysine residue to cross-link synthetic peptides. Sec-

ond, we have discovered a family with autosomal domi-

nant non-epidermolytic palmar plantar keratoderma

whose affected members have a single point mutation

that results in the loss of this residue. The patients have

a severe scaling disorder of their palms and soles and of

other thickened epidermal sites. When viewed by electron

microscopy, the affected comified cells are highly irregu-

lar in shape, and there is an abnormal accumulation and

distribution of the lamellar granules that export the lipids.

The failed distribution of the lipids is presumably the

cause of the hyperkeratosis and scaling phenotype.

Together, these data suggest that CE assembly is initi-

ated at, or near, the site where KIF meet desmosomes. In

addition, they suggest that certain proteins can mediate

an indirect association between KIF and desmoplakin.

Moreover, these studies offer a mechanism by which the

KIF cytoskeleton of the comified cell is mechanically

integrated with the CE. We conclude that the terminal

differentiation program exploits the existing KIF cy-

toskeleton-desmosome machinery to build the novel and

vital CE barrier structure. Failure to implement proper

attachment by cross-linking has resulted in severe me-

chanical and biological consequences.
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Discussion

Coulombe: Am I correct that non-epidermal PPK features

hyper-proliferation in the basal compartment?

Steinert: Yes.

Coulombe: Since the structural defect involved in this dis-

ease is a late event, in terms of the differentiation pathways,

there must be some means of signaling between suprabasal cells

and basal cells in the absence of lysis. Would you care to

speculate on this?

Steinert: 1 can only speculate. Dr. Peter Elias, a skin biolo-

gist and lipid expert, believes that there is a complex interplay

between lipid synthesis in these lamellar granules and cell pro-

liferation. He is particularly interested in ceramides, a major

lipid component of the lipid envelope, which are known to be

second messengers.

Goldman: This is remarkable remodeling of already existing

cellular components. The speed at which a cell becomes enucle-

ated, presumably by going through some part of apoptosis. and

then reutilizes all of these proteins by cross-linking to become

a part of that fortified envelope structure is quite remarkable.

Desmosomal components, and keratin, and other normal com-

ponents are being reorganized into a highly cross-linked struc-

ture that bears very little resemblance to desmosomes and other

structures in the super basal cells. Can you speculate on how

long it takes to go through the process?

Steinert: On the basis of our studies of cross-linking and

immunogold electron microscopy, 1 believe that we can make

intelligent guesses as to how assembly of this complex structure

is initiated. We think that this occurs at the site of the desmo-

some. What probably happens first is association of things like

envoplakin and involucrin to the site of the desmosome by

cross-linking— more specifically, to the tail of desmoplakin,

which extends 100 nm from the main plaque of the desmosome

into the cytoplasm. Proteins such as involucrin and envoplakin

then form interdesmosomal sheets at the focal points of enve-

lope assembly. This produces a layer of protein in the granular

layer of the epidermis. At about this time mayhem breaks loose

and everything within the cell is dissolved. This includes all of

the cytoplasmic constituents and the plasma membrane. These

events are finalized by the addition of loricrin to the existing

involucrin-envoplakin scaffold. We do not yet understand when

and how the lipid granules, which are of critical importance to

both extra- and intracellular lipids, can escape before the whole

structure closes down.

Green: You mentioned a compromised keratin attachment,

but you place more emphasis on the role of the lipid organiza-

tion problem. Am I correct in presuming that these are two

separate functions? If so, what are their related roles for the

amino terminus?

Steinert: I assume you are referring to the amino terminus

of desmoplakin? We have no information about its cross-linking

to the cell envelope. Perhaps this is buried and may be lost

before the envelope is assembled. We have seen only certain

desmoplakin .sequences near its carboxy terminus, which you

have predicted project far into the cytoplasm. However, I want

to answer a slightly different question that is important because

it bears on what you ask. The amount of keratin cross-linked

to the cell envelope represents only about 0.1% of the envelope

protein mass. We have calculated what this means in terms of

the extent of cross-linking of keratin filaments. Assuming that

keratin filaments are 15 nm wide, and assuming a model in

which the filaments completely line the intracellular surface of

the cell envelope, we calculate about one crosslink per 100 nm
of filament length. This is actually a high level, and it suggests

that the keratin filament cytoskeleton really gets glued tightly

and permanently onto the cell periphery. We have also seen

that the amount of keratin cross-linked to the cell envelope of

mouse forestomach tissue is about 10 times higher, which is

really an incredible amount. This must reflect the biomechanical

requirements of a tissue that is subjected to extraordinarily rigor-

ous stresses and trauma. Also, the disease we talk about is

autosomal dominant, so we don't know what would happen if

both alleles were knocked out—perhaps not a viable fetus. To

check this experimentally is of course difficult because, in cell

culture, you get upregulation of K5 and K6. A mouse with this

lysine residue knocked out in both alleles could be made. We
believe that to make only 50% of the cross-links seriously com-

promises the structural interface between the cytoplasmic kera-

tin filament network and the cell periphery, or the growing cell

envelope. It is highly convoluted, which increases the surface

area of the cellular connections. Peter Elias hypothesizes that

this greater surface area prevents lipids from distributing prop-

erly, resulting in decreased barrier function and thus a hyperker-

atotic response.

Janmey: Is the transglutaminase, which crosslinks the pro-

teins together, constitutively active?

Steinert: Yes the transglutaminase enzymes are very active

during the stages when the cell envelope barrier is assembled.

The transglutaminase story is complicated. There are a number

of different enzyines functioning simultaneously. Some of these

enzymes exist in multiple different post-translationally modified

forms, each possibly with a different function. What we are

trying to unravel now is which enzyme does what. Preliminary

data suggest that transglutaminase 3 strongly favors cross-link-

ing of loricrin and SPRs. Apparently one or two forms of trans-
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glutaininase 1 are involved in the earlier stages of cross-linking

of involucrin and envoplakin to the tails of desmoplakin. We
also have data that transglutaminase 1 works synergistically

with transglutaminase 3 to cross-link loricrin and SPRs. The

studies needed here involve systematic //; viiro analyses of the

preferences of the enzymes for the numerous substrate proteins,

and comparisons with the in vivo data. If the transglutaminase

1 enzyme is knocked out you get the naturally occurring, autoso-

mal recessive human disease called lamellar ichthyosis. This is

a life-threatening disease because it produces a serious loss of

skin barrier function. The mouse knockout model results in

death of the newborn within 6 hours of birth because of dehydra-

tion; that is, there has been complete breakdown of skin barrier

function.

Borisy: We are cheered by this presentation. If intermediate

filaments have no purpose in life, they now have a purpose after

death.
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The extracellular matrix plays an important role in tis-

sue morphogenesis. It does so, in part, by interacting with

a family of heterodimeric cell surface receptors called

integrins. Indeed, the integrins are considered to play an

important role, not only in adhesion of cells to matrix,

but also in signal transduction between the matrix and

the cells (Hynes, 1992). Signal transduction via integrins

involves the cytoskeleton and cytoskeleton-associated

proteins which bind to the cytoplasmic domain of the

integrin subunits.

Our particular interest is in the a6P4 integrin hetero-

dimer. This integrin is unusual because it is involved in

keratin intermediate filament (IF)/cell surface anchorage

at the site of hemidesmosomes— structures that play an

important role in epithelial cell-matrix linkage (Quaranta

and Jones. 1991; Jones et ai, 1994). Since the major

matrix element of the hemidesmosome is the laminin iso-

form called laminin-5. we have been investigating the

molecular links between the keratin cytoskeleton, inte-

grins, and laminin-5 matrix. In the current analyses, we
have used FG epithelial cells, derived from a pancreatic

tumor.

FG cells characteristically grow in mounds and fail to

flatten efficiently onto their substrate. In such cells, kera-

tin intermediate filaments (IFs) are concentrated in the

perinuclear region. Furthermore, the IF-associated protein
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IFAP300 (a relative of plectin and possibly identical to

a protein termed HDD primarily localizes along these

keratin bundles. Additionally, a6/?4 integrin heterodimers

localize in streaks or spots towards the free edges of cells,

whereas a3/31 integrin is predominant at the opposed

surfaces of adjacent cells; neither integrin shows any ob-

vious interaction with IF. Note that these FG cells express

very little, if any. laminin-5. the matrix ligand for both

the a6/34 and a3/?l integrin receptors.

We have discovered that we can induce a reorganiza-

tion of the cytoskeleton of FG cells, as well as an associa-

tion of IF with integrins, by simply adding rat laminin-5

to the medium in which we grow the FG cells (Baker et

ai, 1997). When FG cells are plated into this medium,

they no longer form mounds, but rapidly adhere and

spread onto the substrate. They do so. apparently by "cap-

turing"" rat laminin-5 and placing it basally in circles or

arcs at areas of cell-substrate interaction. Double-label

immunofluorescence microscopy reveals that IFAP300,

a6/34 integrin, and a3/91 integrin are all colocalized with

the polarized laminin-5, indicating that the FG cells are

using these receptors to interact with the exogenously

added laminin-5 protein. Concomitantly, at integrin un-

dergoes dephosphorylation on serine residue 1041; we

are intrigued by the possibility that this event plays a

crucial role in mediating subsequent cytoskeleton rear-

rangement.

Rapid adhesion, induced by laminin-5, can be blocked

by antibodies against the ai integrin subunit. In contrast,

although antibodies raised to at integrin do not block

laminin-5-induced rapid adhesion, they do prevent FG
cells from assuming an epithelial-like morphology. This

suggests that a3/91 and a6/?4 integrins have distinct func-

tions: a3/?l integrin appears to mediate rapid adhesion
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Laminin-5

Figure 1. EG cells maintained in a laminin-5-rich medium "cap-

ture" the laminin-5 and incorporate it into their extracellular matrix.

The molecular interactions of the captured laminin-5 are indicated here.

Laminin-5 (represented as an inverted t) binds the extracellular domain

of the a6/34 integrin. The cell membrane is represented by a dashed

line. In this scheme, IFAP3()() interacts with the cytoplasmic domain of

the /34 integrin subunit and mediates the interaction of the IF cytoskele-

ton with the cell surface.

of FG cells to laminin-5. whereas a6/?4 integrin appears

to mediate cell-spreading on the laminin-5 matrix.

In FG cells maintained in laminin-5-containing me-

dium, keratin IF bundles "move" from their perinuclear

location and are induced to associate with IFAP300-

a6/34/a3/?l integrin complexes along the surface of the

cell that is attached to the substratum. Furthermore, the

results of coprecipitation experiments suggest that, within

lFAP300-integrin complexes. IFAP300 is associated with

the /34 integrin subunit. Based on our results and on evi-

dence that IFAP300 binds keratin in vitro (Skalli et ai,

1994). we propose that, when a6/54 integrin binds to its

matrix ligand laminin-5, IFs indirectly interact with the

cytoplasmic domain of a6/94 integrin at the cell surface.

The latter interaction is mediated by 1FAP300. In other

words, we have identified one potential series of mole-

cules that link laminin-5 indirectly to the IF cytoskeleton.

We show this putative interaction diagrammatically in

Figure 1.
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Discussion

Coulombe: Would you agree that the recent work of Elaine

Fuchs' lab shows that BAGl or BP230. the bullous pemphigoid

antigen, is involved in anchoring keratin filaments at the cell

surface with sites of hemidesmosomes?

Jones: Yes. I think that is tnie. If you knock out BP230, her

pictures would imply that there is a reduction in intermediate

filaments at that site in transgenic mouse skin. However, we

have used FG cells since they don't possess any of their own

BP230. Thus the filament associations that we have described

were in the absence of BP230. We speculate that there could

be cooperation between IFAP300 and BP230. in that there may

be multiple proteins linking intermediate filaments at the cell

surface in intact, complete hemidesmosomes.

Wiche: Do you have evidence for direct interaction of /34

with IFAP300?

Jones: No.

Kowalczyk: You showed that when the cells adhere to 1am-

inin-.'i, there was dephosphorylation of a6. Can you get that to
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happen in suspension, or do tlie cells have to adhere to the

immobiUzed substrate?

Jones: We haven't done it in suspension, so I don't Icnow.

BoRiSY: Could you expand a little bit on the functional sig-

nificance of that peripheral association of the IFAP300 in the

cells grown on laminin-5? What is its function for the cell?

Jones: At the cell periphery, laminin-5 binds to q;6/34 inte-

grin, which itself binds to IFAP300, which then is bound to

the filament cytoskeleton. Presumably a firmer attachment to

substrates is established when this molecular interaction occurs.

Borisy: Is laminin-5 captured from solution?

Jones: We don't think that the laminin-5 has been captured

from solution. We think, in fact, that laminin-5 possibly rapidly

coats the surface upon which the cell sits. The cell then reorga-

nizes the laminin-5, and pulls it in. What we observe is the

initial aspects of pulling in this laminin-5. which is why this

protein is located more toward the cell periphery at that time.
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The most prominent cell surface attachment site for

intermediate filaments (IF) at epithelial cell-cell interfaces

is the desmosome (reviewed in Collins and Garrod. 1994;

Schmidt et al, 1994; Garrod et at., 1996; Green and

Jones, 1996); see Figure 1. By anchoring IF at sites of

strong intercellular adhesion, desmosomes create a trans-

cellular network throughout the tissue, and this network

is thought to resist forces of mechanical stress. The impor-

tance of the IF-cell surface complex has been highlighted

by the discovery of mutations in genes encoding IF struc-

tural proteins, as well as cell junction proteins that result

in blistering diseases of the skin (Steinert and Bale, 1993;

Fuchs, 1994; McLean and Lane, 1995). Furthermore, au-

toimmune antibodies that specifically attack the desmoso-

mal cadherin component of desmosomes result in a family

of blistering diseases of the skin and oral cavity known as

pemphigus (Stanley, 1995). Thus, these cell-cell adhesive

structures and their underlying cytoskeletal attachments

are clearly important for the integrity of tissues.

Desmosomes are related to another class of adhesive

junctions called adherens junctions, which mediate attach-

ment of the microfilament cytoskeleton to the cell surface

(Kowalczyk and Green, 1996). In adherens junctions,

classic calcium-dependent cell-cell adhesion molecules

(e.g., E-cadherin) are anchored to the actin cytoskeleton

through a complex that includes the armadillo protein

family member /?-catenin. /5-catenin binds directly to both

E-cadherin and to the actin-associated protein a-catenin.

In desmosomes, two classes of desmosomal cadherins.
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the desmogleins and desmocollins, bind to the /3-catenin-

related protein called plakoglobin. Unlike classic cadher-

ins, desmogleins and desmocollins have not yet been ex-

perimentally demonstrated to be adhesion molecules. To

examine the adhesive potential of desmosomal cadherins,

we expressed desmogleins and desmocollins along with

their associated protein plakoglobin, individually and to-

gether, in normally nonadherent L cell fibroblasts. Unlike

E-cadherin, desmoglein and desmocollin were unable to

confer adhesive properties on these cells in several adhe-

sion assays, including formation of cell-cell aggregates

in suspension (Kowalczyk et al,, 1996). This may be due

to the complexity of cadherin forms, both within a single

desmosome and within tissues; it could also reflect the

requirement for additional noncadherin molecules in the

adhesive complex.

Co-immunoprecipitation of myc-tagged proteins from

L cell lines revealed that plakoglobin binds with an un-

usual 6:1 stoichiometry to desmoglein, whereas it binds

with a 1:1 stoichiometry to desmocollin (Kowalczyk et

al, 1996). The functional significance of this dramatic

difference in stoichiometry is currently unknown; but

cells expressing dominant negative mutants of plako-

globin that affect the ratio of binding to desmoglein also

exhibit alterations in desmosome structure, consistent

with a role in desmosome assembly. Plakoglobin can also

bind directly to a-catenin and E-cadherin. which leads us

to ask how specificity of filament attachment is achieved

during junction assembly. We have demonstrated that a-

catenin is not associated with plakoglobin bound to either

desmoglein or desmocollin. Along with observations from

other labs demonstrating that the a-catenin binding site on

plakoglobin overlaps with that for desmosomal cadherins.

these data suggest a possible means of achieving cytoskel-

etal specificity.

Although the mechanism by which the desmosomal

cadherin-plakoglobin complex is coupled specifically to
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Figure 1. Diagram comparing the major molecular constituents of the two intercellular adhesive junc-

tions found m epithelial tissues. The adhesion molecules in both junctions are members of the larger

cadherin family of calcium-dependent cell adhesion molecules. These are desmogleins and desmocollins

in the desmosome (top), and classic cadherins, such as E-cadherin, in the adherens junction (bottom).

Members of the armadillo gene family, plakoglobin and /3-catenin, associate with the cytoplasmic tails of the

cadherins and link the membrane molecules to the cytoskeleton through adapter proteins. In the desmosome,

desmoplakin is an adapter protein that anchors the cadherin complex specifically to the intermediate filament

cytoskeleton. and in the adherens junction a-catenin anchors the cadherin complex specifically to the

microfilament cytoskeleton.

the IF cytoskeleton is unknown, desmoplakin (DP) is a

putative link. Our previous work demonstrated that the

DP C-terminus associates with IF networks, whereas the

DP N-terminus is required for incorporation into desmo-

somes. To directly test whether DP is required to link IF

to the desmosome, a dominant negative mutant compris-

ing 70 kDa of the DP N-terminus (DP-NTP) was stably

expressed in A-431 epithelial cells (Bohnslaeger et ai.

1996). DP-NTP dramatically perturbed endogenous DP.

likely by competing for interaction with transmembrane

adhesive complexes. Ultrastructural analysis revealed

junctional structures that were largely lacking associated

IF bundles. Adherens junction components, such as a-

catenin and E-cadherin. coassembled into these structures,

along with desmosomal components and DP-NTP. This

observation suggests that sequences in full length DP,

not present in DP-NTP, and perhaps anchorage to the IF

cytoskeleton, are required for the normal segregation of

desmosomal and classic cadherins during junction as-

sembly.

To begin examining whether DP-NTP could associate

directly with the desmosomal cadherin-plakoglobin com-

plex, junction proteins were coexpressed in L cell fibro-

blasts lacking desmosomal components. In cell lines with-

out DP-NTP, plakoglobin codistributed diffusely along

the membrane with desmosomal cadherins. But in cells

coexpressing DP-NTP, desmosomal cadherins and pla-

koglobin were redistributed into punctate structures con-

taining DP-NTP. The similarity of these clusters to na-

scent junctional plaques was more easily assessed by

employing a chimeric molecule containing both the E-

cadherin extracellular domain and a desmosomal cadherin

cytoplasmic domain. When we expressed an E-cadherin/

Dsgl chimera along with plakoglobin and DP-NTP,

plaque-like structures reminiscent of epithelial cell des-

mosomes were observed at some cell-cell interfaces. Fur-
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thermore, an antibody directed against the DP N-terminus

co-immunoprecipitated plakoglobin in a complex with

DP-NTP. suggesting that plakoglobin provides a link to

the cadherin-based desmosomal core. Plakoglobin dele-

tions in which the N- or C-terminus was removed also

associated with DP. indicating that the central armadillo

repeats of plakoglobin contain sequences that mediate

complex formation. Together, these results suggest, not

only that desmosomal cadherins and plakoglobin form a

complex with DP-NTP. but that DP-NTP is also capable

of clustering these transmembrane desmosomal cadherin

complexes.

The results summarized here provide insights into the

protein-protein interactions required for the assembly of

a normal desmosome and for anchoring IF to the desmo-

somal plaque. Further experiments, currently underway,

are targeting dominant negative mutations of desmosomal

molecules to the epidermis of transgenic mice. This work

is helping define the importance of IF-cell surface attach-

ment for the integrity of complex epithelia, and will pro-

vide a framework for understanding the underlying basis

of certain inherited skin diseases.
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Discussion

Borisy; Could you explain the terms "armadillo'" and "'ar-

madillo repeat" for the benefit of our physics colleagues?

Green: Armadillo is the name of a gene product involved

in the "wingless"" signaling pathway that governs the establish-

ment of segment polarity in Drosophila. It is now known that

the vertebrate proteins /3-catenin and plakoglobin are both very

similar to armadillo. This growing protein family functions both

in cell-cell junctions as well as in signaling during development

and likely in the adult as well. These proteins consist of a central

domain made up of multiple copies of a repeating motif, the

'"arm" repeat, named after the armadillo gene product. The

arm repeats contain binding sites for a number of structural and

signaling proteins, and it is thought that the identity of binding

partners regulates their function in the junction or in signaling.

Baker: Do L cells express the catenins? If so. are they caten-

ins found in those junctions, or where you see the cell-cell

staining?

Green: L cells can express a- and /9-catenin if you transfect

a classic cadherin into them. Normally L cells don't exhibit

cadherin-mediated function or adhesion. However, if E-cad-

herin is expressed in L cells, a- and /3-catenin are stabilized, and

the adhesive complex is reconstituted. Presumably the mRNA is

being made, but the protein breaks down unless you transfect

in E-cadherin.

Baker: What about desmosomal cadherins?

Green: There is a very minute amount of plakoglobin in L

cells. Transfection of desmosomal cadherins leads to stabiliza-

tion of this endogenous plakoglobin. But to detect some of the

things that we see, we must increase the level of plakoglobin

by transfection because there's just vanishingly small amounts

of this protein in these cells. Desmosomal cadherins do not

stabilize a- or /3-catenin at all.

Gundersen: Am I correct that, in your desmoplakin domi-

nant negative cell line, the intermediate filaments do not extend

out to the cell periphery?

Green: Yes.

Gundersen: We know that keratin intermediate filaments do

not redistribute to a perinuclear area— that is. collapse—when

you break down microtubules. One possible reason for that
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might be that they're connected to junctional proteins. If you

break down microtubules in your cell lines, do the intermediate

filaments redistribute to a perinuclear area?

Green: We haven't done that. We have looked at microtu-

bules just to make sure that we weren't also affecting other

filament systems, but we have not treated these cells with colchi-

cine or nocodazole.

Albrecht-Buehler: When you speak of the clustering of

these components, it sounds as though you envision a model

where the components are free to float laterally in the mem-
brane, meet by accident, then cluster and interact. Is that what

you have in mind?

Green: That could be one way of interpreting it. We do

know that, in epithelial cells maintained in low calcium, for

instance, cadherins are constantly being synthesized, are translo-

cated to the cell surface where they are present in a diffu.se

distribution, and are then rapidly turned over. This could be

due to the fact that clustering and metabolic stabilization do not

occur under these conditions.

Albrecht-Buehler: In the pictures that I have seen, the

clusters seem to appear only on the edges of cells. Have you

ever seen them floating around on the dorsal or ventral side?

Green: Yes, in the L cell system clusters do appear on all

surfaces. Although in normal epithelial cells the protein is usu-

ally seen at lateral margins, half desmosomes have been ob-

served to recycle in and out of epithelial cells under certain

conditions, and these can be seen on the dorsal surface. So, to

answer the question: yes, you can see them.

Ip: Is anything known about how plakoglobin binds to two

classes of cadherins in terms of their sequence and domains?

Green: Yes. Several laboratories have mapped plakoglobin

binding sites for classic and desmosomal cadherins.

Ip: Are they very different?

Green: Yes. The plakoglobin binding site for desmosomal

cadherins appears to be at the ends of the plakoglobin armadillo

repeats, whereas classic cadherins bind to the more central ar-

madillo repeats.

Question: Is the actin-mediated adherens junction disrupted

by the presence of desmosomal cadherins that shouldn't be able

to link up? I picture these two islands of cadherins, which are

normally separate, coming together. Do they come together as

islands, or do they interpenetrate?

Green: Based on immunogold EM observations, we think

that they coassemble into the same type of junction. We're

trying to look at the actual assembly properties during that

process, and think that desmosome and adherens junction com-

ponents are intimately intermingled. We think that they form a

new, mixed type of junction. Along these lines it is interesting

to note that in knockout mice lacking plakoglobin, "mixed

junctions" containing both desmosomal and adherens junction

components were also observed. This is somewhat different

from our system, where plakoglobin is still present but the IF

cytoskeleton is detached.

LlAO: Do cells with intermediate filaments detach from the

junction? Did you check the organization of microtubules? Is

it disrupted?

Green: We have looked at microtubules, and although there

may be subtle changes that we did not detect with fluorescence,

they don't appear to be significantly altered. We have yet to

treat them with colchicine or nocodazole.
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Many biological processes involve dramatic changes

in cellular morphology. These changes are attributable,

in large measure, to dynamic remodeling that occurs as

a result of interactions between the plasma membrane

and the underpinning filamentous cytoskeleton. How the

plasma membrane interacts with actin-containing micro-

filaments has been studied extensively, but considerably

less is known about how it interacts with the other two

classes of cytoskeletal elements— microtubules and inter-

mediate filaments (IFs). Understanding how IFs are built

and how they interact with the cell surface has been a

focus of our laboratories for the past several years.

IFs are widely believed to perform structural functions,

such as maintaining cell and tissue integrity. The evidence

for this is twofold. First, mutations in keratin genes that

abolish the ability of the proteins to assemble into IFs

are the genetic basis for many hereditary skin blistering

diseases. The second kind of evidence comes from studies

of the physical characteristics of gels made in vitro from

actin. tubulin, and vimentin. Of these three classes of

cytoskeletal elements, the rheologic properties of IF net-

works are the most compatible with a role in structural

support; moreover, mixed IF and actin networks produce

a degree of resiliency and strength unattainable by either

of the two alone.

This paper was onginally presented at a workshop titled The Cytoskel-

eton: Mechanical, Physical, and Biological Interactions. The workshop,

which was held at the Marine Biological Laboratory. Woods Hole,

Massachusetts, from 15-17 November 1996. was sponsored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Admmistration under

Cooperative Agreement NCC 2-896.

The family of proteins that make up IFs share a com-

mon structural motif that features a central a-helical rod

domain and globular head and tail domains. The assembly

of these highly asymmetrical molecules into 10-nm-wide

filaments takes place in several experimentally identifi-

able steps; these include the formation of dimers. tetra-

mers. and higher order oligomers, although a continuum

of oligomers is more likely to exist beyond the dimer

stage. Many kinds of interactions among the three do-

mains of the IF polypeptide occur during IF assembly.

The most well known of these is the lateral association

of the a-helical rod domains through hydrophobic interac-

tions to form dimeric coiled-coils. Equally significant are

electrostatic interactions among charged zones on the sur-

face of dimeric coiled-coils; these drive the formation of

tetramers and higher order structures. Using a two-hybrid

cloning approach, we recently attempted to identify re-

gions along the IF protein molecule that undergo true

protein-protein interactions leading to filament formation.

These studies showed that the rod domain—especially

helices IB and 2B— had the highest propensity to form

homotypic dimers and tetramers, whereas interactions in-

volving the head and tail domains were considerably

weaker. These results suggest that growth in filament

length and girth are largely a function of the overlap of

the rod domain alone. The end domains may play a role

in other aspects of filament assembly, but their contribu-

tion to filament growth is likely to be minimal.

In many tissues, IFs associate with the cell surface at

desmosomes. This association between the IF cytoskele-

ton and these adhesive cell surface specializations is the

structural basis for a transcellular cytoskeleton-plasma

378
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membrane superstructure that stabilizes the entire tissue.

Yet, although the IF-desmosome association provides me-

chanical integrity in every tissue, the interactions between

desmosomes and IF proteins from particular tissues ap-

pear to have different structural requirements. The inter-

action between the C-terminus of desmoplakin— the ma-

jor protein in the cytoplasmic portion of the desmosomes

(DP.CT)— and various IF family members has been ac-

cessed by yeast two-hybrid analyses. These studies have

revealed the most robust interaction to be that between

DP.CT and an epidermal keratin. In agreement with previ-

ous reports, this interaction requires participation of the

head domain of the keratin polypeptide. Interaction be-

tween DP.CT and epithelial keratins is weaker and re-

quires that both a Type I and Type II keratin be present,

suggesting that dimerization is a prerequisite. In contrast

to the case of the epidermal keratin, this interaction does

not appear to be mediated by the head domains of either

the Type I or Type II keratin. DP.CT also interacts with

the Type III IF proteins vimentin and desmin, but these

interactions are also weaker than that involving an epider-

mal keratin. Whether dimerization of the Type III IF pro-

tein is required for this interaction is not known.

These observations have begun to reveal interesting

information as to how IFs are constructed, and how they

interact with other cytoplasmic components to bring about

mechanical stabilization of cells and tissues. They also

raise the possibility that, although IFs are believed to

serve primarily a structural function in all tissues in which

they are found, the underlying molecular basis for each

case may be different. Identifying such differences should

bring new insights to the larger problem of tissues forma-

tion and maintenance.
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Discussion

Chen: In your two-hybrid system you only use the C-temii-

nus of desmoplakin. Do you think your results would change

if you put the C-terminus in the context of the whole molecule?

Do you think that you would have more or less interaction with

vimentin or the keratins'?

Ip: This presents a technical problem. We are already push-

ing the limits of the size of the cDNA construct in these yeast

two-hybrid vectors, by inserting the largest construct reported

in the literature. Since dimerization of desmoplakin is mediated

by dimerization of its rod domain, we had hoped that expression

of the entire rod domain plus the C-terminus would enhance

the activity somewhat. However, that's a total of over 1800

amino acids. Although we have cloned it into the vectors, the

constructs have not worked.

LiAO: Based on measurements of fluorescence intensity, you

deduced which of these interactions is weaker than the other.

It is difficult to conclude that certain interactions are stronger

than the others without normalizing the expression level, be-

cause the level of proteins that you have in the cells are probably

very different.

Ip: I agree that this is a complex issue. The data are not

meant to provide absolute measures of the strength of individual

interactions, but to compare the relative strengths of a series of

related interactions. As demonstrated nicely by Estojak et al.

(1995. Mol Cell. Biol. 15:5820-5829). there is not a reporter

in two hybrid assays for which the amount of gene expression

linearly reflects affinity measured in vitro, but the level of gene

expression does provide an indication of the strength of the

interaction. Thus, reporter gene expression levels of, say, 300,

200, and 100 cannot be taken to mean interaction strengths of

3x, 2x and Ix, but it does mean that the first interaction is

the strongest, the third one is the weakest, and the second is in

between. This is particularly useful for comparing a series of

interactions of the type (A" + Y), (X + Y'), (X + Y"). and (X

+ Y'"), where Y'. Y" . and Y'" are derivatives of Y. That is

what we have tried to do.

It is important to bear in mind that GAL4 is a transcription

factor. For this reason, the amount of GAL4 reconstituted by

interaction of TA and DB fusion proteins is not as important

as the length of time that the reconstituted GAL4 stays reconsti-

tuted, provided that enough of it is expressed to activate tran-

scription. The stronger the protein-protein interaction, the more

robust is the reconstituted GAL4 and the longer (statistically)

it will reside on the DNA to activate transcription, which in

turn leads to higher levels of reporter gene expression.

Coulombe: How can you draw conclusions about tetramer

structure based on the two-hybrid system? I can see the direct

relevance to dimer formation, but I would like you to explain
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that for tetramers. Secondly, do you know for a fact that the

so-called serine 23 is phosphorylated in yeast?

Ip: In our 1996 paper (Meng et al. 1996. / Biol. Chem. 271:

1599-1604) we showed that both dimers and tetramers are

formed in transformed yeast cells. This was shown by ex-

panding a positive colony, making a cytosolic extract of the

yeast cells, chemically cross-linking it with glutaraldehyde, and

then identifying the ohgomeric species by western blotting. We
found species with molecular sizes consistent with vimentin

dimers as well as tetramers.

Regarding phosphorylation of ser-23, the serine at position

-23 from the C-terminus: we do not have direct evidence that

it is phosphorylated in yeast cells. However, Stappenbeck et al.

(1994. / Biol. Chem. 269: 29351) showed that this residue is

phosphorylated in mammalian cells. Ser-23 is situated within

an A kinase consensus sequence, and forskolin stimulates its

phosphorylation; these observations suggest that the kinase re-

sponsible is A kinase. While we cannot say whether ser-23 is

phosphorylated in yeast, A kinase certainly is found in yeast

cells.

Coulombe: What about dimers versus tetramers?

Ip: We did try that. We picked a positive colony, made a

yeast extract followed by cross-linking, and tried to identify the

species present using a western blot analysis. From that analysis

we know that both the tetramer and dimer exist.

Chisholm: When you add the Type I and Type II keratin

together with the desmoplakin tail, is the idea that you are

actually forming a dimer between those two, and that somehow

that dimer is now providing the DNA-binding domain together

with the desmoplakin tail and the activating domain?

Ip: This study is described in detail in our 1997 paper (Meng

et al. 1997. J. Biol. Chem. 272: 21495-21503). Briefly, the

Type I and Type II keratins (K18 and K8 in this case) were

expressed as separate fusion proteins with the trans-activating

domain (TA), and the desmoplakin tail was expressed as a

fusion with the DNA-binding domain (DB). We know from

previous studies that the two keratins interact, but in this experi-

ment the keratin interaction would not activate reporter gene

transcription because they were both fused with the activating

domain only. We also know from previous studies that neither

K8 nor KI8 alone would interact with the DP tail. Therefore,

if /3-galactosidase activity is elevated in the three-hybrid trans-

formation, it must result from interaction among all three fusion

proteins, the K8-TA, K18-TA, and DP,CT-DB.

Chisholm: But they're expressed as separate polypeptides.

You're forming a dimer; therefore the argument would be that

you require that dimer in order to get enough of the activating

domain together with the binding domain.

Ip: That is correct.

Chisholm: A second question concerns your interpretation

of the negative result—when you don't see fluorescence. This

has to do with the geometry of association of the DNA-binding

domain with the activating domain. If the two proteins were to

associate, let's say, in one direction— parallel— I can imagine

that you would have the activating domain and the DNA-bind-

ing domain in one relationship to each other. If the proteins

were to bind anti-parallel, I would imagine that those two activi-

ties would be in another physical disposition to each other. Is

there any reason to think that they could lead to a negative

result in the case of a direct protein-protein interaction?

Ip: The scenario you describe could conceivably occur if the

molecules involved are highly extended (e.g.. very long) rods.

In the case of IF proteins and the DP tail, it is unlikely for

two reasons. First, IF proteins dimerize in parallel and in axial

register. Since, in our constructs, the IF protein/domain is al-

ways fused to the N-terminus of either the GAL4 TA or DB
domain, dimerization of an IF protein always puts the GAL4
domains in close proximity to one another regardless of how

large the IF protein is. Second, DP.CT is not highly extended.

Aebi: As you certainly know, you can often get false posi-

tives with the two-hybrid system. It is therefore important when

working at this level to evaluate a positive interaction by in

vitro binding assays with the expressed proteins. Have you ex-

pressed your positive constructs in E. coli, for example, and

then performed in vitro binding experiments?

Ip: We have done the filament assembly experiment. We
haven't done this with desmoplakins.
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Plectin, a cytoskeleton-associated protein of exception-

ally large size, is abundantly expressed in a wide variety

of mammalian tissues and cell types. It is codistributed

with different types of intermediate filaments (IFs) and

is prominently located at the plasma membrane attach-

ment sites of IPs and of microfilaments, such as hemides-

mosomes (Wiche et ai, 1984), Z-line structures and dense

plaques of striated and smooth muscle (Wiche et ai.

1983), intercalated discs of cardiac muscle (Zernig and

Wiche, 1985), and focal contacts (Seifert et ai, 1992).

Furthermore, in several tissues, including brain (Errante

et ai, 1994) and kidney (Yaoita et ai. 1996), plectin

expression is prominent in cells forming tissue layers at

the interface of tissue and fluid-filled cavities. These ob-

servations are consistent with a model in which the role

of plectin is to strengthen cells against mechanical stress

both along their surfaces and at their internal anchorage

sites for cytoskeletal filaments. This concept is supported

by recent reports demonstrating defective expression of

plectin in epidermolysis bullosa simplex (EBS)-Ogna, an

autosomal dominant disease that produces severe skin

blistering (Koss-Harnes et ai. 1997), and EBS-MD, an

autosomal recessive disease, characterized by skin blis-

tering combined with muscular dystrophy (Cache et ai.

1996; MacLean el ai. 1996; Smith et ai. 1996).

We have cloned and sequenced plectin from rat (Wiche

et ai. 1991 ) and man (Liu et ai. 1996). Secondary struc-

ture predictions based on the deduced amino acid se-

This paper was originally presented at a workshop titled The Cytoskel-

eton: Mechanical. Physical, and Biological Interactions. The workshop,

which was held at the Marine Biological Laboratory, Woods Hole.

Massachusetts, from l.'i-17 November 1996. was sponsored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Adininistration under

Cooperative Agreement NCC 2-896.

quences of cDNAs and genomic clones, as well as on

electron microscopy of the protein (Foisner and Wiche,

1987). revealed a multi-domain structure composed of

a central --2()() nm long, a-helical coiled-coil structure

flanked by large globular domains. The structure of the

carboxy-terminai domain is dominated by six highly ho-

mologous repeats that also occur in lesser number in des-

moplakin (3 repeats; Green et ai. 1990), bullous pemphi-

goid antigen (BPAG) 1 (2 repeats; Sawamura et ai,

1991), and the recently identified envoplakin (1 repeat;

Ruhrberg et ai. 1996). Analysis of the human gene locus

revealed a complex organization of 32 exons spanning

31 kb of DNA located in the telomeric region (q24) of

chromosome 8 (Liu et ai. 1996).

On the molecular level, plectin binds to a variety of

cytoskeletal proteins, including cytoplasmic and nuclear

IF subunit proteins (vimentin, GFAP, cytokeratins, neuro-

filament proteins, lamin B), subplasma membrane pro-

teins (fodrin and «-spectrin), and high molecular weight

microtubule-associated proteins MAPI and MAP2 (Herr-

mann and Wiche, 1987; Foisner et ai. 1988; Wiche et

ai. 1993). The expression of mutant forms of plectin in

cell lines transiently transfected with cDNA constructs

led to the conclusion that the C-terminal globular domain

of plectin is involved in the binding to IFs (Foisner et

ai. 1991). Recently, we mapped the binding site of plectin

to vimentin, and to keratinocyte cytokeratins, to a stretch

of ~50 amino acid residues within plectin's terminal re-

peat 5-domain; and a basic amino acid residue cluster

within a functional nuclear targeting sequence motif was

identified as an essential element of this site (Nikolic

et ai. 1996). Moreover, we found that a dystrophin//?-

spectrin-like, actin-binding domain of plectin— located

in its aminoterminal region (encoded by exons 2-8)— is

functional.

Plectin is characterized by versatile binding activities.
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prominence at distinct strategically important locations

within the cytoarchitecture (such as cytoskeleton anchor-

age junctions), complex exon-intron organization, and

differential staining of tissues and cells as revealed by a

battery of monoclonal antibodies raised to the protein.

These features suggest that different plectin isoforms ex-

ist, that they perform different cellular tasks and. thus,

have different subcellular localizations. Recently, we

have found several such variant transcripts in rat and man.

Of particular interest was the identification of four distinct

first coding exons, all of which splice into a common

successive exon 2. RNase protection mapping of tran-

scripts containing three of the four identified alternative

first exons revealed their coexpression in rat glioma C6

cells, and in a series of different rat tissues. However,

significant variations in the expression levels of first exons

indicated tissue-specific promoters for at least some of

them. Multiple transcriptional start sites and a preceding,

nontranscribed GC-rich sequence lacking any TATA ele-

ment suggested that expression of exon 1 transcripts in-

volves a promoter characteristic of housekeeping genes.

In addition, plectin splice variants lacking exon 31 (>3

kb), which encodes the entire rod domain of the molecule,

were identified by RT-PCR in a variety of cells and tis-

sues. These findings lend further support to the hypothesis

that plectin is a versatile organizing element of the cy-

toskeleton, and they provide first insights into a complex

gene regulatory machinery.
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Discussion

Luna: You said your plectin knockout mice had a severe

phenotype; would you elaborate on that?

Wiche: They have a severe phenotype. with skin blistering

from which they die within two days after birth. We are looking

to see if they show additional phenotypes.

Albrecht-Buehler: Plectin seems to be a dangerous mole-

cule for a cell to have. As you described it. it acts basically like

a fixative, so a cell must control this molecule if it wants to

live. The isoforms you describe are one of the possible ways

for taking advantage of the multivalency of such a fixative. I

would expect that there is much more to it. Is there any evidence

for some kind of chaperone. some kind of sequestering proteins,

that deliver plectin to places rather than letting it freely fix any

protein that it meets? Have you ever looked for something like

this?

Wiche: No we haven't.

Borisy: You talked about all of the different molecules that

plectin interacts with, and then you told us about the possibility

of many plectin isoforms. Do you think that individual plectin

molecules can bind to all of the different targets, or do you

think that the spectrum of binding of a particular isoform is

more limited, with some of the multiplicity of binding being

due to different isoforms?

Wiche: Yes, I would predict that the spectrum of binding of

the molecule is limited. Different molecules have different

tasks; one molecule cannot do everything. By forming com-

plexes, even by dimerization of different isoforms, different

functional properties of the formed molecule may be obtained.

Borisy: A second question is, if intermediate filament pro-

teins are the major binding partner for plectins, how do you

explain the phenotype of the vimentin knockout mouse reported

in the literature?

Wiche; I wouldn't say that intermediate filaments are neces-

sarily the major interaction partner. That was the conclusion

based on early experiments, where we found and isolated iso-

forms of plectin due to their binding to intermediate filaments.

When we characterize more of these forms, this picture will

probably change. Regarding the vimentin knockout mouse, per-

haps plectin is more important than the vimentin in this. We
have studied plectin expression and organization in the cyto-

plasm of vimentin-negative cells. Plectin is there as a network,

even without vimentin.
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Fluid flow triggers a variety of responses in vascular

endothelial cells (ECs), such as initiation of signal trans-

duction, modulation of gene expression, and remodeling

of cytoskeletal and related structures. However, the pri-

mary steps of mechanosensing are not known. Because

fluid flow is a mechanical (thus vectorial) stimulus, we

decided to study how ECs respond in a vectorial manner.

Among the various types of responses (for review, see

Davies, 1995). those involving the cytoskeleton are

clearly vectorial.

Using a parallel plate flow chamber mounted on a light

microscope, we first analyzed morphological responses

of ECs to laminar flow (Masuda and Fujiwara, 1993a, b).

We found that, in addition to the already known morpho-

logical responses of ECs to flow {i.e.. the elongation and

alignment of ECs parallel to the direction of flow and

alignment of stress fibers in the flow direction), flow in-

duced preferential development of lamellipodia in the di-

rection of flow. This latter response caused ECs to migrate

preferentially in the flow direction. Although it takes

many hours for both the ceil shape change and the align-

ment responses to become recognizable, the motility pat-

tern change was detectable in 5- 10 min. This is the fastest

morphology-related response of ECs exposed to flow.

ECs exhibit little morphologically detectable responses

when exposed to fluid shear stress of less than 0.4 Fa (4

dyn/cnr), although it is known that many signal-transduc-
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ing events and gene expressions are activated by much

smaller levels of flow. To consistently cause the reorgani-

zation of stress fibers, the cell elongation-alignment, and

the preferential migration in the flow direction, ECs have

to be exposed to a fluid shear stress of over 0.6 Pa. To

identify biochemical events occurring during these mor-

phological responses, we have investigated changes in the

phosphorylation level of some membrane proteins.

We have found that a 128-kDa glycoprotein is tyrosine-

phosphorylated within minutes when cultured bovine ECs

are exposed to the levels of fluid flow (i.e.. >0.5 Pa) that

elicit morphological responses (Harada et ai. 1995). This

protein is now purified and partially sequenced, and using

RT-PCR, we have cloned a 3.4-kb cDNA encodmg the

protein (Osawa et ai, 1997). The amino acid and cDNA
sequence data show that it is a bovine homolog of platelet

endothelial cell adhesion molecule- 1 (PECAM-1), con-

sisting of 738 amino acids and showing 71% and 63%

identity with human and mouse PECAM-1, respectively.

Because it has been shown that fluid flow deforms the

cell surface (Liu et ai. 1994). we used osmotic changes

to deform the cell surface. Although there are various

ways to cau.se deformation of cells, this is the easiest way.

We found that PECAM-1 was also tyrosine-phosphory-

lated in ECs that were placed in a hyper- or hypo-osmotic

medium. However, PECAM-1 is not phosphorylated

when ECs are treated with chemical reagents such as

thrombin, acetylcholine. ATP, lL-1, TNF-alpha, Ca-iono-

phores, PMA and various growth factors, suggesting that

this phosphorylation occurs specifically when ECs are

mechanically stimulated.

An autophosphorylatable band comigrating with c-Src

is present in the anti-PECAM-1 immunoprecipitate, and

c-Src phosphorylates and binds to a GST fusion protein

containing the PECAM-1 cytoplasmic domain. A spliced
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niRNA form lacking the amino acid residues 703-721 in

the cytoplasmic domain is also expressed in bovine ECs.

Present within this missing domain is one of the six tyro-

sine residues, and c-Src fails to phosphorylate and bind

to a GST fusion protein containing the cytoplasmic region

of the spliced form. Because a GST fusion protein con-

taining an SH2 domain of Fyn can bind to PECAM- 1 but

an SH3 domain of Fyn cannot, the SH2 domain of c-

Src appears to be involved in c-Src binding to tyrosine-

phosphorylated PECAM-1. These results suggest that the

YSEI motif in the PECAM-1 sequence, which includes

Tyr 713, is the site of tyrosine phosphorylation by the

Src family kinase as well as the site of SH2 binding.

They also suggest that both PECAM- 1 and the Src family

kinases are involved in signal transduction of mechanical

stimuli in ECs.

The simplest mechanism for transmitting information

from the cell surface to the interior of the cell about the

direction of flow would enlist a structure that runs be-

tween the apical cell surface and other parts of the cell

such as the basal surface. We have shown that although

the majority of stress fibers are associated with focal adhe-

sions located in the basal portion of cells (the basal stress

fiber), some terminate at the apical surfaces (the apical

stress fiber). Apical stress fibers are anchored to the apical

plasma membrane at a structure similar to the focal adhe-

sion, and we have proposed to call this apical stress fiber

attachment site the apical plaque. The molecular composi-

tion of the apical plaque is surprisingly similar to that of

the focal adhesion, but some differences are apparent,

such as the absence of FAK and vitronectin receptors in

the apical plaque (Katoh et al.. 1995). Our immunofluo-

rescence and electron microscope studies show that both

apical stress fibers and apical plaques are present in ECs

in situ (Kanoef fl/., 1996). At present, we are investigating

the precise location of the other end of the apical stress

fiber. Locations we are particularly interested in are the

adhesion plaque where ECs attach firmly to the substrate

and the cell-cell adhesion site where PECAM-1 is local-

ized.

The PECAM-1 tyrosine phosphorylation does not oc-

cur when ECs are treated with cytochalasin D. ECs treated

with an actin filament stabilizing agent phalloidin and

then stimulated by mechanical means showed a greatly

increased level of PECAM-1 tyrosine phosphorylation.

Cholchicine did not change the PECAM-1 phosphoryla-

tion level. These results suggest that the actin cytoskele-

ton is involved in the PECAM- 1 tyrosine phosphorylation

induced by mechanical stimuli. We are now analyzing

what role the actin cytoskeletal system plays in the

PECAM-1 tyrosine phosphorylation.
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Discussion

Bruinsma: I was somewhat surprised hy the high variation

in surface stresses you showed in your talk. Did you determine

those stresses from a theoretical estimate?

Fujiwara: It's an estimate generated by computer; we made

the contour map of a cell and then applied known flow over it.

Bruinsma: How is the stress sensing taking place? Is it be-

cause PECAM is an adhesion molecule, and the shear stress,

or osmotic stress, puts tension on the cell-cell contact, and the

PECAM senses stress between the cells? Or. can the PECAM
independently sense stress by shear flow applied to a free

PECAM on the surface?

Fujiwara: We don't know the answer to any of those ques-

tions. Our thinking is that there are several places where the

force from fluid shear stress could he concentrated, like the site

of cell-cell or cell-substrate adhesion. Mechanical sensors may

be present at these sites. We are also thinking about stress fibers
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that are attached to the luminal surface. These stress fibers are

contractile structures that are always under tension. If they can

be moved, the bottom and the rest of the cell can directly sense

which way the thing is moving. We envision a very simple

mechanical thing, but have no idea how PECAM-1 phosphory-

lation fits in.

Shyy: This is a wonderful model. You show that alignment

of the extracellular matrix can be regulated by flow, both in

vivo and in vitro. What mechanism for shear stress regulates

the alignment of extracellular matrix molecules that are located

underneath the endothelial cells?

Fujiwara: Dick Hynes showed, a long time ago, that stress

fibers and fibronectin fibers are nicely aligned in tissue culture

cells under certain circumstances. Therefore, I would think that

stress fiber organization is related to fibronectin organization

underneath the cell.

Luna: When 1 see the staining, and knowing that PECAM
is also isolated on microvilli. I think of stereocilia, which are

long projections involved in how we perceive sound. 1 wonder

if this is related to stereocilia, and could it be the microvilli and

the motion of these small projections that is the real sensing

element?

Fujiwara: It is possible. We tried to locate those microvilli,

but they are vei7 few. However, we haven't ruled out the possi-

bility that they may be involved.

Albrecht-Buehler: You have ignored intermediate fila-

ments. Research on the guinea pig aorta and in other vascular

endothelia revealed a prominent ring of intermediate filaments

surrounding the nucleus parallel to the surface of the epithelium.

This is very enigmatic because it is not found anywhere else

except in these high flow situations. Is it possible that these

rings, or intermediate filaments in particular, play a role?

Fujiwara: We have not studied intermediate filaments.

There are some studies on microtubules which suggest that

centriole positions are interesting— their position in the blood

vessel. As far as our motility assays are concerned, we can treat

the cells with colchicine, and they respond in a normal way.

They can sense the flow. Microtubules are not that important,

in terms of sensing this flow stimulus. I don't know about

intermediate filaments.

Chisholm: Which comes first, reorganization of fibronectin

or reorganization of actin?

Fujiwara: We have followed developing vessels: organiza-

tion of actin stress fibers comes first, followed by organization

of fibronectin.

Barakat: Do you see evidence of an adaptive mechanism

in the phosphorylation? Does it ever go back down to baseline

with sustained flow?

Fujiwara: We have not done long-term studies. It does ap-

pear to come down a bit in a span of about 20 to 30 minutes.

Barakat: The comment has been raised legardmg possible

deformation of the sensors by flow. If you do a Stokes flow-

calculation around a sphere that is a typical distance away from

the cell surface, you find that the extent of mechanical deforma-

tion is smaller than ihemial fluctuations. 1 don't think that will

be a major player in the sensing of the initial signal.

Bruinsma: I think your molecule is smarter than you think

it is. You suggest that it is just measuring the surface stress.

However, this molecule moves left or right depending on the

flow. Surface stress is identical if you reverse the flow from

left to right. Your molecule must be doing more than measuring

surt'ace stress— it measures a direction as well, and it must do

this by measuring a tension gradient on the surt'ace created by

viscous stress along the cell. It even has to measure the differ-

ence in tension between the front and back part of the cell in

order to move.

Fujiwara: We are thinking about two things. The level of

fluid shear stress may be monitored by this molecule by phos-

phorylation. The direction may be sensed mechanically by using

these stress fibers that run from the top to the bottom.

Ta>lor: You said that stress fibers seem to exert a force.

Do you have any information that supports this?

Fujiwara: We have isolated stress fibers. We can just take

them out from the cell, add ATP, and they contract at the rate

of about 10 /jm/min.

Taylor: When you remove the force by stopping the flow,

do your cells start to contract?

Fujiwara: Dr. Chien has information on that. You can see

the movement on the surface of the cell. Whether there is this

change, I do not know.

Wang: Do endothelial cells normally move inside the blood

vessel in vivo?

Fujiwara: That is an interesting question. We have labeled

a section of blood vessels. When we opened them after a few

months we saw that the labeled area does not disperse. They

did not go toward the upstream. If they do move, they move

very little in the direction of flow.

Goldman: I would like to make a comment. We have done

some of these shear experiments with Peter Davies at the Uni-

versity of Chicago. In collaboration with a colleague of mine,

Eric Flitney from Scotland, we find that the intermediate fila-

ments of the vimentin system are exquisitely sensitive to shear.

In fact, you can see changes in the IF eariier than you see

changes in actin. It looks like the first reaction is disassembly

and then reorganization or reassembly. This seems to be coinci-

dent and prerequisite to shape changes.
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Integrins are the transmembrane receptors that serve to

anchor the cell to the extracellular matrix. Integrins are

found clustered in specialized membrane domains called

focal adhesions. In addition to cell-to-matrix adhesion, a

number of functions have been attributed to focal adhe-

sions, including anchorage of the actin cytoskeleton to

the membrane and bi-directional signal transduction

across the membrane. The integrins are thought to partici-

pate in all of these functions; but integrins do not possess

any endogenous catalytic activity. Therefore, the signal

transduction function of integrins must involve binding

partners that can serve to generate second messengers

within the cytoplasm. ppl25''^'^ is a tyrosine kinase that

may be involved in such a secondary messenger cascade.

FAK colocalizes with integrins in the focal adhesions,

and FAK's kinase activity is up-regulated when integrins

bind to the extracellular matrix as cells are spreading.

The precise downstream functions of FAK are not known,

but they could include the initiation of focal adhesion

assembly or the regulation of actin attachment to integrins

(for review, see Otey, 1996).

Because the FAK-binding site on the cytoplasmic tail

of the integrin /J, subunit was recently mapped (Schaller

et ai, 1995), we reasoned that such a peptide would be

able to bind to FAK but would not contain sufficient

conformation to activate FAK. Thus, the peptide might

function as a "'dominant negative" form of integrin. The

synthetic integrin peptide was coupled to carrier protein
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and injected into freshly plated fibroblasts while the cells

were still rounded. Two hours after injection, the cells

were fixed and stained with rhodamine phalloidin to deter-

mine whether peptide-injected cells could assemble actin

stress fibers and focal adhesions. It was observed that

cells injected with the integrin peptide failed to spread

and failed to assemble stress fibers and focal adhesions,

whereas cells injected with a scrambled control peptide

had spread normally in the same period. We also observed

that the nuclei of cells injected with the integrin peptide

appeared to be condensed and lobular, an indication that

these cells might be in an early stage of apoptosis. Since

cleavage of DNA is a defining characteristic of apoptotic

cells, peptide-injected cells were stained with a reagent

(Apoptag) that detects free DNA ends and thus stains

apoptotic nuclei with great specificity. This staining pro-

tocol revealed that 95% of cells injected with the integrin

peptide were apoptotic. None of the control-injected cells

were found to be apoptotic. These results suggest that

FAK plays a role in cell spreading and in the assembly

of focal adhesions and stress fibers; in addition, FAK
activation may be required to suppress apoptotic death in

anchorage-depended cells.

To confirm these conclusions, cells were injected with

a monoclonal antibody specific for the C-terminus of FAK
(antibody 2A7, a gift from Dr. J. Thomas Parsons). The

epitope for this antibody is proximal to the FAK localiza-

tion sequence, a region in the FAK C-terminal domain

that is required for efficient recruitment of FAK to the

focal adhesions. When rounded cells were injected with

the 2A7 antibody, they spread partially, but then began

to apoptose. An unrelated control antibody had no effect

on cell spreading or cell survival. This result supports the

interpretation that one of the most important roles for

FAK may be to convey signals from the focal adhesions

to the nucleus; these signals inform the nucleus that the

387
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cell is attached to the extracellular matrix. In the absence

of the FAK signal, anchorage-dependent cells are pro-

grammed to undergo apoptosis as a default pathway.

If this interpretation is coirect. then one would predict

that constituitive activation of FAK would release cells

from anchorage dependency. In other words, if the FAK
signal to the nucleus is always on. regardless of integrin

occupancy, then cells would be able to survive in suspen-

sion. This prediction was tested by Stephen Frisch and

co-workers (Frisch et al.. 1996), who transfected cultured

epithelial cells with a constituitively active form of FAK
and found that the cells could then survive in suspension

and were also tumorigenic in nude mice. These results

are in good agreement with those of the Cance lab (Xu

et al, 1996), who found higher levels of FAK expression

in many types of human tumors. Collectively, these data

support the following model: normal cells bind to the

extracellular matrix through integrins, which results in

the activation of FAK, which then signals the nucleus to

suppress apoptosis. The latter signal is perhaps conveyed

by the assembled actin cytoskeleton. Tumorigenic cancer

cells possess higher levels of active FAK, which sup-

presses apoptosis regardless of cell attachment, and per-

mits the cells to survive and grow in suspension.
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Discussion

Janmey: It seems that the kinase activity of FAK is im-

portant, either for sending the signal to the nucleus or for seques-

tering some factor and preventing it from going into the nucleus

and turning some process on. Can you distinguish between those

two?

Otey: In our experiments we can't distinguish between

them. We don't know what pathways are being affected down-

stream from FAK activation. At this meeting. Martin Schwartz

showed that Abl seems to have a similar property in regulating

anchorage dependency (see list. "Published by Title Only").

His slides showed that Abl is being translocated to the nucleus.

An appealing model is that FAK activation is perhaps the proxi-

mal event at the membrane, and Abl activation then occurs

downstream from FAK and transmits the information to the

nucleus. We don't know that to be the case: it is simply wild

conjecture.

Wade: In the cells that overexpress the FAK. is actin playing

any role in signal transduction?

Otey: Actin seems to play a role in FAK activation. This

has been studied using mainly growth factors in the absence of

serum, because different factors present in serum may activate

FAK. We don't know if this happens through the integrins or

is independent of integrins. but we know that these growth

factor effects only occur when the actin cytoskeleton is intact.

Wade: What about the signal going to the nucleus?

Otey: We don't know whether those serum factors are acti-

vating these exact same FAK-mediated pathways that the inte-

grins are activating. I think it would be interesting to ask Don

Ingber if he thinks that actin can be playing a role in activating

FAK and transiuitting a signal to the nucleus.

Allen: In the expression of the constitutively active FAK,

cells in suspension did not apoptose. Were they able to grow

in suspension, or is that a separate pathway?

Otey: That is the work of Steven Frisch (Frisch et al. 1996

J. Cell Biol. 134: 793-799). who found that these cells were

not only able to grow in suspension in soft agar, but were also

able to generate tumors in nude mice. So. it seems they have

almost generated a metastatic phenotype by constitutively acti-

vating FAK.

Allen: You have done all of your microinjections in cells

that are round or spreading and are obviously low in focal

adhesions. Do you get the same results if the cells have already

established many focal adhesions?

Otey: When cells are fully spread before we inject and they

already have focal adhesions and stress fibers, there is no appar-

ent effect of either the peptide or the antibody.

Allen: Does FAK leave the focal adhesion under those con-

ditions?

Otey: No. FAK is still there. Possibly, when a cell is fully
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spread, the focal adhesions are crowded with the protein. Per-

haps once the focal adhesions are made, the focal adhesion

kinase is no longer accessible to binding by the antibody.

Albrecht-Buehler; I hope I did not misunderstand yoti.

You are not saying that any cell in soft agar will automatically

die? (Otey: No, I am not saying that.). The cells didn't prolifer-

ate in any of these assays, but they didn't die. If you change

the adhesiveness of substrates and do the same thing, will you

get the same result? You can have cells that spread to different

extents depending on how you coat substrates. Do you get the

whole effect or half effects? Is it an all-or-none situation?

Otey: I don't know the answer to your question. We've only

done injection experiments on rigid planar substrates coated

with fibronectin. Most of what is known about FAK, including

FAK activation when cells are spreading, has been studied in

cells that were plated onto rigid planar substrates coated with

fibronectin. I don't know whether FAK would even be activated

if cells were spreading on a more flexible substrate.

Albrecht-Buehler: It's not the flexibility that I'm after. If

you use bacterial plates, for example, where the cells would

adhere very poorly, you will get one result. If you use metalized

plates or sulfonated plates, you obtain very different results

even though you have the same inhibitor concentration.

Otey: I don't know the answer to your question.

Wang: You mentioned that Keith Burridge's group have

microinjected pre-spread cells and yet they can see the FAK.

Otey: Andy Gilmore (who is present at this meeting) did

those injection experiments, so maybe he would like to com-

ment on this question. [Addressing Andrew Gilmore] Andy,

he's asking about your experimental design. You injected cells

that were spread and then you rounded them up, and plated

them down again, correct? That was a little different from the

way that we did it.

Gilmore: Yes; however, we have also injected cells that

were rounded and in the process of spreading.

Wang: You rounded the cells artificially and then let them

spread out?

Gilmore: Yes. If we inject as the cells spread, leave them

spread and don't round them up, we still see a reduction in

tyrosine phosphorylation and focal adhesions (Gilmore and

Romer. 1996. Mol. Biol. Cell 7: 1209-1224). It doesn't seem

to have any effect whether or not the cells are forming new

focal adhesions or whether they are just left as they are.

Wang: My second question concerns a publication on FAK
knockout.

Otey: Yes, a FAK knockout mouse has been made. That

experiment shows us that FAK is important because it was an

embryonic lethal: the FAK knockout mouse died at about day

8. From that knockout we know that FAK is important. Results

obtained using cells grown out from those embryos were con-

fusing. Cells grown from early embryos had more than the

normal number of focal adhesions. This is somewhat confusing

because these cells, which lacked focal adhesion kinase, had a

tremendous number of focal adhesions. I think it's hard to draw

any conclusions; we don't know what is going on.

Gilmore: I would like to comment on FAK knockout cells.

To get cells to grow out of the FAK knockout mice they had

to mutate and knock out P53.

Otey: Basically, they have to immortalize the cells.

Gilmore: Yes, which could have profound implications for

the ability of the cell to proliferate and resist apoptosis, so I

don't think we can really make comparisons.

Otey: There's no question that FAK knockout cells are cer-

tainly able to make focal adhesions.
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Vascular endothelial cells respond to mechanical forces,

such as shear stress, by expressing a number of immediate

early genes. One of these genes encodes monocyte chemo-

tactic protein- 1 (MCP-1. Shyy et ai. 1994). which plays a

significant role in atherogenesis. This presentation summa-

rizes the work done in our laboratory on the effects of shear

stress on signal transduction and on the expression of the

MCP-1 gene. Human umbilical vein endothelial cells and

many other cell types respond to arterial level of shear stress

(10-30 dynes/cm') with a transient increase of MCP-1 gene

expression that peaks at 1.5 h (Shyy et ai. 1994). Sequential

deletion of the 5' promoter region of the MCP-1 gene and

site-specific mutation of the c/i-elements show that one of

the two copies of the putative TPA-responsive elements

(TRE). with the sequence TGACTCC, is critical for shear-

stress inducdon of the MCP-1 gene (Shyy et ai. 1994).

Transactivation assays indicate that activating protein-

1

(AP- 1 . composed of Jun-Fos heterodimer or Jun-Jun homo-

dimer) is the nuclear binding protein responsible for shear

activation of MCP- 1

.

The signal transduction pathways leading to the activa-

This paper was originally presented at a workshop titled The Cytoskel-

eton: Mechanical. Physical, anil Biological Interactions. The workshop,

which was held at the Manne Biological Laboratory-. Woods Hole.

Massachusetts, from 15-17 November 1996. was sponsored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Administration under

Cooperative Agreement NCC 2-896.

List of abbreviations: AP, activating protein: EC. endothelial cell;

ECM. extracellular matrix; ERK. extracellular signal regulated kinase;

FAK. focal adhesion kinase; JNK. Jun amino-terminal kinase; MAPK.

mitrogen-activated protein kinase; MCP. monocyte chemotactic protein;

MEKK. MAPK/ERK kinase-kinase; PDGF. platelet-derived growth fac-

tor; TRE. TPA-responsive elements; VSMC. vascular smooth muscle

cell.

tion of AP-l/TRE by shear stress have been investigated

with protein kinase assays and dominant negative mutants

of signaling molecules in the pathways of the c-jun NH^

terminal kinases (JNK) and the extracellular signal-regu-

lated kinases (ERK). JNK(K-R) and MEKK(K-M), the

catalytically inactive mutants of, respectively. JNKl and

MEKK in the JNK pathway, attenuate the shear-induced

TRE responses. The dominant negative mutant of Ha-Ras

blocks the shear-activation of JNK and the downstream

TRE. These results indicate that shear stress activates

primarily the Ras-MEKK-JNK pathway in inducing

MCP-1 gene expression (Li et ai. 1996. 1997).

Shear stress rapidly and transiently increases the associa-

tion between growth factor receptor-2 (Grb2) and Son of

sevenless (Sos) in bovine aortic endothelial cells. Shear

stress also augments the tyrosine phosphorylation of

FAK and its association with Grb2. FAK(F397Y) and

FAK(F925Y), the negative mutants of FAK. attenuate the

shear-stress induction of the kinase activity of HA-JNK ( Li

et ah. 1997). Similarly, the shear-stress-induced activities of

luciferase (Luc) reporter gene linked to MCP-1 or 4xTRE
promoters are decreased by these FAK mutants. Thus, the

Tyr-397 (autophosphorylation site) and the Tyr-925 (binding

site for Grb2 src homology domain 2 [SH2]) of FAK are

critical for its activation in response to shear stress. pGrb2-

SH2. which encodes the SH2 domain of Grb2, and

pAmSosl. in which the guanine nucleotide exchange do-

main has been deleted, also attenuate induction of HA-JNK,

MCP 1 -Luc, and 4xTRE-Luc by shear stress. These results

indicate that the FAK-Grb2-Sos-Ras-MEKK-JNK system is

a major signaling pathway mediating the shear-induced gene

expression (Fig. 1 ). Other signaling mechanisms may also

be involved; e.g., we have found that shear stress causes an

increase of protein kinase C, especially in tire cortical region,

in the endothelial cell (Hu and Chien, 1997).
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Shear stress

EC, VSMC. or

cardiac myocyte

Cyclic stretch

ECM (e.g. vitronectin)

Focal adhesion site
C) 1997 Current Opinion in Cell Biology

Figure I. Propcsed mechanotransduction pathways in cells such as ECs. VSMCs and cardiac myocytes

in response to mechanical stresses such as shear stress and cyclic stress. This diagram shows only the

proposed mvolvement of the molecules in focal adhesion sites, including integrins, ECM proteins, FAK,

Src, et cetera, in mechanotransduction. The activated chemical signals can be transduced from these

molecules through SH2-containing dockmg protems such as Grb2 to activate the small GTPase Ras.

Downstream to Ras. cytoplasmic MAPKs such as JNK and ERK are activated and they, in turn, cause the

activation of nuclear transcription factors such as AP-1, Sp-1, Elk-C, and NFkB. Interactions of these

transcription factors with their corresponding cis elements (;>.. TRE [12-O-tetradecanoylphorbol 13-acetate-

responsive element], Sp-1, SRE [serum-response element] and kB. respectively) lead to the activation of

appropriate genes, for example, those encoding monocyte chemotactic protein- 1 (MCP-1), tissue factor

(TF) and PDGF-A and B. Not shown in this diagram is the involvement of other molecules such as the G

proteins, receptor tyrosine kinases, and possibly ion channels and cytoskeletal proteins in mechanotransduc-

tion. [Figure and legend reprinted, with permission, from John Y.-J. Shyy and Shu Chien. 1997. Current

Opinion in Cell Biology 9: 707-713.]

Studies on the tissue factor gene show that the shear-

stress-responsive element is Spl in the GC rich region of

its promoter and that the two copies of TREs there are

not critical (Lin el al.. 1997). Coupled with the finding

by Resnick et al. (1993) that the nucleotide sequence

GAGACC is the shear-stress-responsive element for the

platelet-derived growth factor B chain, our results indicate

that shear stress activates different cw-elements in differ-

ent genes (Shyy el ai. 1995). The orchestration of various

c«-elements and signaling pathways may play an im-

portant role in determining the complex gene regulation

in response to mechanical forces in health and disease,

including those induced by microgravity.
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Discussion

Kowalczyk: Are the cells exposed to fresh medium or se-

rum at the beginning of the experiment? Do you rinse them

before flow is initiated? A lot of the changes you describe

resemble transient effects associated with growth factor addi-

tion. Perhaps the initiation of flow over the cells is changing

local concentrations of growth factors or metabolites near the

cell surface.

Chien: Cells were washed with serum-free culture medium

before initiation of flow. The responses 1 have described are

not serum-dependent. Chemical stimuli such as TPA and me-

chanical stimulation can mutually affect each other. If you pre-

treat the cell with TPA to down-regulate the pathway to JNK,

and then stimulate with mechanical shear, you get much less

response, suggesting that both effects share the same pathway.

Coulombe: Would you repeat the changes that are taking

place in the three filament systems of the cells, and also specu-

late on the kinetics as these relate to the signaling events that

you described?

Chien: The mRNA response starts within an hour or so, but

cytoskeletal reorganization takes a long time. Thus, the shear-

induced gene expression occurs much earlier than detectable

reorganization of the cytoskeletal fibers. All the responses in

the pathway occur in the correct sequence. Ras is activated

upstream in less than 1 min. Activation of JNK occurs within

a few minutes, and the MCP-1 gene is activated later. Thus,

there is a sequential activation. The morphological changes of

cytoskeletal reorganization are the long-term change; they do

not precede the changes in signal transduction and gene expres-

sion. Now there may be some subtle changes in the cytoskeletal

proteins that are responsible for the signaling and gene expres-

sion, but these cannot be seen morphologically at an early stage.

Actin seems to be playing a role here. The actin filaments,

which were present as peripheral bands in the static condition,

gradually disappear after shear and reorganize themselves into

long stress fibers. These fibers tend to move from the basal

side toward the top of the cell. Using confocal microscopy we

observed that the microtubules and the intermediate filaments,

which were originally around the nuclei, began to move toward

the base after shearing. The nature of the association of these

cytoskeletal elements with each other has been mentioned sev-

eral times during this workshop.

Baker: You showed a peak of activity for many factors right

after you start your shear stress. Is there a physiological static

state, and does this apply to starting exercise, where the body

sees a sudden, greater stress?

Chien: What we have shown here is not a physiological

response, because we start from a static situation. This only

applies to a pathological state, like re-perfusion after stoppage

of flow. In the physiological state, long-term shear occurs in

the straight part of the vasculature. As shown in my first slide,

the vasculature in the straight part of the thoracic aorta is

sheared all the time, and the MCP-1 gene is therefore down-

regulated, and monocytes tend not to be attracted there. At

branch points, the flow is unsteady and there are flow reattach-

ment areas near the bifurcation. These reattachment areas don't

stay at the same spot; they move back and forth. The spatial

effects were discussed by Dr. Fujiwara. It is my belief that

the spatial and temporal variations are very important. At one

moment there is no shear; then there is shear in one direction;

then there is shear in another direction. The endothelial cells in

these areas can sense what is going on. Our preliminary results,

using an in viiro analog of those branch points, do confirm the

hypothesis that the reattachment areas in the branch regions are

vulnerable. Concerning your question on exercise, I think during

exercise shear increases, not only in the straight part of the aorta,

but this increase also invades the bifurcation. The exposure of

these regions to fairly steady high shear may down-regulate the

genes. This may be why physicians always tell us to exercise

three times a day. at least 30 min each time. I think that's what

it takes for the down-regulation to occur.

Chen: I'm wondering why the experiments do not start with

a constant shear flow which is then changed. Do you use turbu-

lent flows? I would imagine there is recirculation at those bifur-

cation points.

Chien: We are doing these experiments with recirculation

and reattachment.

Chen: Is there anything known about that?

Chien: Yes. The reattachment area seems to be very im-

portant. In the vicinity there are eddies, secondary flows, and

stagnation. These are the sites of action. You ask why we don't

start with a baseline flow. We are doing these experiments, and

other groups are also doing them. Those studies have more

physiological relevance, but it is much easier to see the effect

if you start from zero. If you want to work out the pathway

from the point of view of molecular biology, again it is simpler

to start from zero. You can then go to a more physiologically

relevant system.

Bruinsma: You showed a physical stimulus that produces

a gene response; then you show two parallel pathways, each

containing eight steps. Why is this so complex? I can imagine

that a number of amplification steps cross-link to other stimuli.

Can you comment on this?
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Chien: They are cross-linked to other pathways. I have pre-

sented a simplification which you say is complex. In fact, it is

like a neural network, where there are layers and layers of

interactions. The cells in our body have complex interacting

pathways, and we are not dealing with simple situations. To

deal with our daily environment and to adjust to microgravity,

we must have a very finely tuned system, with redundancy and

delicacy of controls.

Bruinsma: Is there intertalk between the pathways? Do you

see saturation?

Chien: If you vary the shear stress, you do see a saturation

effect. We don't see any differences beyond about 10 dynes/

cm". We are very interested in the kinetics of this process. We
are interested in modelmg all of this, but it"s too complex, and

we don't have sufficient data to do the modeling. There is

crosstalk among the pathways. Although we have some kinetic

data describing how quickly each step happens in one pathway,

we have no good means of manipulating every step so as to

examine how the next step behaves. We need to establish the

transfer function for each station. We're not getting that yet.

With data from experiments being done in a number of labs,

we hope that we can start to look into that.

Stewart: Continuing on with the complexity of the signal-

ing pathways, one of the difficulties, always, is knowing which

part is being stimulated, because quite often one pathway will

stimulate an adjacent pathway. I was wondering whether two

classes of experiment that you have done might help to distin-

guish where the signal is actually coming from. The first one

would be to introduce the constitutively active Ras mutants.

Strictly, putting in the N17 is wiping out the GEF, rather than

actually showing the positive involvement of Ras. Then, won-

dering backwards, is the signal actually deriving from a surface

receptor, or not? I know you mentioned, for example, that the

EOF receptor was phosphorylated. That would make me wonder

whether, if you treated these sort of cells with EOF, you would

actually get the induction of the MCP-1 protein that you are

measuring. Or is it that there is some other part of the cell that

is sensing the pressure and that there might be a difference.

then, in the response in stimulating a surface receptor to say,

FAK?

Chien: These are excellent questions. To answer the question

about whether the protein is induced, it is indeed. Not only is

the protein induced, it is also functional. We get enhancement

of monocyte adhesion after applications of shear stress. We are

doing experiments with over-expression of the wild type, and

the results do fit in.

Goldman: I just want to make one comment. We have done

experiments with Peter Davies in which we shear cells and then

detect very significant changes in the cytoskeleton within 60

min. There are profound changes in the organization. It does

not take 12 to 24 hours for us to see this effect.

Chien: What I meant was that you need that long to see the

kind of morphological changes I showed.

Goldman: The shape changes take a long time, but the cy-

toskeletal changes begin very quickly.

Chien: That's right. Actually they do not go to this final

state; they go through a whole series of contortions. They may

first align perpendicular to flow or swirling patterns, as men-

tioned by Dr. Fujiwara. That's what I meant. I agree with you

completely, but to get to the picture I showed, it did take 12-

24 hours of shearing. In fact, I said that the actin plays a role,

and there may be changes occurring in less than 60 min that

we cannot even see morphologically.

Goldman: I would say within minutes.

Chien: I agree with you completely. One other thing I

wanted to mention is that the mechanical force probably acti-

vates many types of molecules, including receptors and chan-

nels. These effects must be summed to give the final response.

That's why, whenever we try to block these responses, we can

never block them completely. It is a summation effect of many

responses. Each may be nonspecific and weak, but the sum total

gives us a significant response. This is one of the differences

from chemical stimulation, where the ligand-receptor interac-

tion is specific.
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Introduction

Endothelial cells line all of the vessels of the circulatory

system, providing a non-thrombogenic conduit for blood

flow; they regulate many complex functions in the vascu-

lature, such as coagulation, fibrinolysis, platelet aggrega-

tion, vessel tone and growth, and leukocyte traffic: and

they form the principal barrier to transport of substances

between the blood and the surrounding tissue space. The

permeability of endothelial cells changes with environ-

mental stimuli; shear stress, in particular, applied either

in vivo or //; vitro, induces changes in protein expression

and secretion of vasoactive factors by endothelial cells

(Nollertf?tv/., 1991; Mclntire, 1994; Papadaki and Eskin.

1997). The ability to study the effects of shear on the

macromolecular permeability of the cerebral vasculature

is particularly important, since in no other place is the

barrier function of the endothelium more important than

in the brain. The endothelial cells of this organ have

developed special banier properties that keep the cerebral

system from experiencing any drastic change in composi-

tion; together with glial cells, they form the blood brain

barrier (BBB). We have studied the effect of flow on

bovine BBB using flow chambers and tissue culture sys-

tems.

This paper was originally presented at a workshop titled The Cytoskel-

eton: Mechanical. Physical, and Biological Interactions. The workshop,

which was held at the Marine Biological Laboratory, Woods Hole.

Massachusetts, from 15-17 November 1996. was sponsored by the

Center for Advanced Studies in the Space Life Sciences at MBL and

funded by the National Aeronautics and Space Administration under

Cooperative Agreement NCC 2-896.

Recent modeling studies indicate that, not only the en-

dothelium, but also the underlying smooth muscle cells

(SMC) in the vasculature are exposed to significant shear

stresses that arise from interstitial flow driven by transmu-

ral pressure gradients (Wang and Tarbell, 1995). In re-

sponse to vascular injury, the medial SMCs of arteries

proliferate and migrate to the intima (Schwartz. 1993).

Moreover, it has been hypothesized that the SMC are

directly exposed to blood flow when the integrity of the

endothelial monolayer is disrupted, and that their healing

behavior is then modulated by the local hemodynamic

environment (Kohler et ai. 1991; Kohler and Jawien,

1992). Presumably, however, the effects of this environ-

ment on the SMC are not only mediated by flow, but also

by small inessenger molecules whose rate of production

may be modulated by flow.

Nitric oxide (NO) is such a molecule; among its diverse

biological functions are vasorelaxation, reduction of

platelet aggregability. inhibition of adhesion of inflam-

matory molecules in the vascular wall, and cytostatic or

cytotoxic actions in various cell types (Sessa, 1994; Ko-

prowski and Maeda, 1995). To date, three major subtypes

of nitric oxide synthase (NOS) have been identified. One

subtype is the inducible NOS (NOS II), which is regulated

at the transcriptional level and produces high levels of

NO for extended periods. NO II is present in macro-

phages. SMC. and endothelial cells upon stimulation with

cytokines. The other two isoforms are constitutively ex-

pressed and norinally produce low levels of NO; they are

termed NOS I (in neuronal, epithelial cells) and NOS

III (in endothelial cells, cardiac myocytes, and skeletal

inuscle) (Koprowski and Maeda, 1995). Recent findings
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indicate that mechanical deformation of the endothehum

by shear stress or by cyclic stretching increases NOS III

niRNA, protein and enzymatic activity (Sessa, 1994). We
have investigated the effects of fluid shear stress on the

growth kinetics of cultured human aortic SMC (hASMC)

and on NO released by these cells.

Materials and Methods

Cell culture

Brain microvessel endothelial cells (BMECs) were iso-

lated by a two-step enzymatic process. Briefly, a fresh

bovine brain was obtained from a local slaughterhouse,

and the isolation was begun within 18 h post-mortem.

The gray matter was separated from the white matter,

collected, blended (Tekmar Instrument Co. stomacher),

and digested with 0.5% dispase (Boehringer-Mannheim)

for 3 h at 37°C. The solution was then centrifuged on a

dextran (Sigma) gradient, washed, and redigested with 1

mg/ml collagenase/dispase (Boehringer-Mannheim) for 5

h at 37°C. The microvascular endothelial cells were sepa-

rated from the other cells by centrifugation (1000 X g)

on a preformed 50% Percoll (Sigma) gradient. The second

layer (containing the cells) was removed, washed, and

frozen in liquid nitrogen for later use. After thawing, the

isolated BMECs were grown on surfaces that were treated

with both type I rat tail collagen and human fibronectin.

The culture media contained MEM/F-12 (Sigma) supple-

mented with 10% plasma derived horse serum (Hyclone),

0.1 mg/ml penicillin G/streptomycin (Gibco), 2.5 mg/ml

fungizone (Gibco), and 0.1 mg/ml heparin (Sigma).

A hASMC line initiated with cells from the abdominal

aorta of a 9-year-old kidney transplant donor was used

in all the experiments performed in this study (Papadaki et

al., 1996); the culture medium was Dulbecco's modified

Eagle's medium (DMEM) supplemented with 20% fetal

bovine serum (FBS), 2 mmol L-glutamine, 200 U/ml peni-

cillin, and 100 /ug/ml streptomycin. Phenol-red-free

DMEM was used in the nitrite experiments to prevent

color interference with the fluorometric assay. hASMC
(P2-PI0) were plated at a subconfluent density of 2.5 x
10" cells/cm", on fibronectin-coated glass slides (75 x

38 mm). Twenty-four hours after seeding, hASMC were

exposed to physiological levels of venous and aiterial

laminar stress (5 to 25 dyn/cm") in parallel plate flow

chambers connected to recirculating flow loops (Papadaki

et al., 1996). The experiments were run in a humidified

room at 37°C and the system was gassed with 5% COi

.

For the growth studies, the flow experiments were carried

out for 24 h. At the end of each experiment, the cells were

removed from the slide with the 0.05% typsin-EDTA,

and the number of cells was determined with a Coulter

Counter.

Permeabilit}'

The marker molecules for the permeability experiments

were fluoroisothiocynate (FITC) dextran (Pharmacia for

all molecular weights except 2 million). The 70 and 2000

kD probes were dialyzed extensively before use. The dex-

trans were also tested for purity on thin-layer chromatog-

raphy (70% chloroform; 25% methanol and 5% acetic

acid, on silica gel plates, as recommended by Molecular

Probes). Permeability was measured in a modified parallel

plate flow chamber according to methodology described

earlier (Nollert et «/., 1991; Mclntire. 1994; Casnocha et

al, 1989; Wagner et al., 1997).

Nitrate assay

Samples of the conditioned media samples were col-

lected at different times, and nitrite, as an index of nitric

oxide production, was measured with a quantitative fluo-

rometric assay (Misko ff «/.. 1993. Papadaki t7(//., 1998).

This assay is based on the reaction of nitrite with an

acid form of 2.3-diaminonaphthalene to form the highly

fluorescent product l-(H)-naphthotriazole. The intensity

of the fluorescent product was maximized by the addition

of 2.8 N NaOH. and the signal was measured with a

fluorescent 96-well plate reader, with excitation of 365

nm and emission read at 460 nm.

Western blotting

NOS protein was detected in total cell lysates. Cells

were harvested from both the control and flow cultures

in 150 ij\ of lysis buffer (0.5% SDS, 50 mM Tris/Cl,

pH 7.4. leupeptin 1 mg/ml. pepstatin 1 mg/ml. 0.1 M
phenylmethylsufonyl fluoride). Cell homogenates were

centrifuged for 20 min at 14,000 X g at 4°C to remove

insoluble material, and the viscosity of the supernatant

was then reduced by several passages through a 26-gauge

needle. Protein concentration was measured in a small

aliquot of sample with the micro BCA method. The sam-

ples were further diluted, at a ratio of 3: 1 in a 4x sample

buffer (0.2 mM TrisCl. pH 6.8, 4% SDS, 40% glycerol,

0.4% bromophenol blue, 10% /?-mercaptoethanol) and

boiled for 5 min. Equal amounts of protein were loaded

in a 7.5% SDS-polyacrylamide minigel and electropho-

resed at a constant cunent of 15 niA for 2 hours. The

separated proteins were transferred to nitrocellulose mem-

branes, and the blots were incubated for 1 h with 5%
nonfat dry milk in Dulbecco's phosphate buffered saline

(PBS) and 0.05% Tween-20, (PBS-T) to block nonspe-

cific binding of the antibody. The membranes were incu-

bated overnight with primary monoclonal and polyclonal

antibodies against all isoforms of NOS protein (Transduc-

tion Laboratories); the antibodies were diluted 1:500 in

PBS-T. Blots were washed (PBS-T X 5) and then incu-
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Figure 2. Nitrite production in liuman aortic smooth muscle cells in the presence of shear stress. Results

are expressed as mean ± SEM. Multiple comparisons were made by one-way ANOVA followed by Fisher's

least-squares difference iP < 0.05); {« = 7-9 for control cultures). *, significantly different from the

control; t, significantly different from 5 dyn/cm".

The effects of flow on nitrite production by hASMC
are shown on Figure 2. Shear stress significantly increased

nitrite levels in the conditioned media, whereas the levels

present in the stationary control cells were almost unde-

tectable (Papadaki et ai, 1998). Cumulative nitrite pro-

duction in conditioned media increased with the duration

of flow exposure and with shear. However, nitrite produc-

tion rates were inversely correlated with time. An initial

burst in nitrite production rate, detected as early as 1 h

after flow exposure, was followed by a gradual decrease

with time. Similar experiments with endothelial cells have

shown similar trends in nitrite production rates (Kuchan

and Frangos, 1994). This result was the first indication

that the NOS isoform responsible for shear-induced NO
production is not NOS II; i.e., activation of NOS II results

in sustained nitrite production rates for extended periods

(up to 72 h after addition of stimulant). Treatment with

100 yiM N'^-amino-L-arginine (L-NAA) for 30 min before

and during exposure to shear stress (25 dynes/cm") com-

pletely abolished the flow-induced release of nitrite with-

out affecting release from stationary cultures. L-NAA is

a potent amino-substituted NOS inhibitor (Kuchan and

Frangos, 1994). The complete inhibition of the nitrite

signal in the presence of inhibitor provided evidence that

the NO production in response to shear stress comes from

the enzymatic reaction of L-arginine to L-citruUine, and

is not a result of cell debris.

To identify the NOS isoform involved, cultures were

incubated with 1 ^jM dexamethasone (DM) 24 h before

and during exposure to shear stress (Papadaki et ai,

1998). DM is a steroid that blocks transcription of NOS
II by interfering with the binding of transcription factors

to the promoter region of the gene (Rees et ai, 1990).

Dexamethasone had no effect on the nitrite levels in either

the controls or the flow cultures. This result provided

further evidence that NOS II plays no role in flow-induced

nitrite production by hASMC. Monoclonal or polyclonal

antibodies again.st NOS II showed no immunoreactivity

with Western blot analysis (Fig. 3), which verified that

the inducible isoform was not present, either in control or

sheared hASMC cultures. On the other hand, polyclonal

antibodies against the constitutively expressed isoform

of neuronal NOS (NOS I) gave specific products in all

stationary control and flow samples (Fig. 3). The intensi-

ties of the control and shear NOS 1 bands are identical

at 6 h, indicating that cultured hASMC express a constitu-

tive NOS I protein whose enzymatic activity, rather than

the amount of protein, is modulated by shear stress. Endo-

thelial NOS (NOS III) was found in neither control nor

sheared hASMC (Fig. 3).

Summary and Conclusions

BMECs in static culture have a swirling spindoidal

morphology. After exposure to flow for 10- 18 h, BMECs
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Figure 3. Western blot of nitric oxide synthase (NOS) protein in total cell lysates of hASMC. ( 1 )
Blot

was incubated with a monoclonal NOS II antibody. Ume I. positive control for NOS II (human glioblastoma

cell line, incubated with cytokines); lanes 2-4. representative samples of a 6-h experiment; lanes 5-7,

representative samples of a 24-h experiment. (2) Blot was incubated with a monoclonal NOS III antibody.

Lane 1, positive control for NOS III (human endothelial cells); lanes 2-4. representative samples of a 6-

h expenment; tunes 5-7. representative samples of a 24-h experiment. (3) Blot was immunoblotted with

a monoclonal NOS 1 antibody. Lane 1. positive control for NOS I (rat pituitary tumor cell line); lanes 2-

4. representative samples of a 6-h experiment; lanes 5-7. representative samples of a 24-h experiment;

lane 8. human endothelial cell (EC) lysate used as a negative control.

appeared rounded with no preferred orientation. Further

appHcation of 10 dynes/cnr, but not 1 dyne/cm^ induced

the cells to elongate in the direction of flow (data not

shown). We demonstrated that BMECs initially respond

to either of I dyne/cm- or 10 dynes/cni" shear stress with

a dramatically increased macromolecular permeability.

Maximum permeabilities were obtained between 10 and

18 h in the shear field for both shear rates, and these

timepoints corresponded to the most rounded morphol-

ogy. Continued application of the shear field led to a

partial recovery in the permeability of the cerebral endo-

thelial cells to macromolecules. The initial increase in

permeability and the recovery was most dramatic for the

higher molecular weight dextran markers.

We have also shown that the flow-induced shear

stress stimulates NO production in hASMC due to acti-

vation of a constitutively expressed NOS I enzyme. The

constitutive expression of NOS I in SMC, and its con-

comitant activation by flow-induced shear stress, may

play a regulatory role in the blood vessel wall in the

absence of endothelium due to vascular injury. Shear-

induced NO production from vascular SMC may inhibit

excessive adhesion of platelets and other inflammatory

molecules at the injury site, and may regulate the release

of mitogenic factors by activated blood cells. In vascular

wall homeostasis, constitutive NO production by under-

lying SMC. modulated due to transmural flow, inay act

in concert with endothelial-cell-derived NO to regulate

vascular tone and maintain a non-proliferative pheno-

type for SMC.
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Discussion

Luna: Did you say that there is a 36-fold increase for high

molecular weight species and only a 2-rold increase for the low

molecular weights?

McIntire: Yes, 36- to 70-fold for high molecular weight

species and 2- to 4-fold for low molecular weight species.

Luna: Can you speculate on what kind of hole would be

opening up that would allow the bigger molecules through, or

is it some kind of transcytosis through the cell?

McIntire: We think that there is a cytoskeletal rearrange-

ment that leads to a change in the junction integrity. This would

allow larger molecular weight species through, whereas the

lower molecular weight species are going through relatively fast

anyway.

Fujiwara: Do you have any explanation for the fact that the

mololayer with the round cell shape has increased permeability?

McIntire: Those time points happen to coincide with the

high flow. At the lower shear stress we see even bigger changes

in permeability; but we don't see changes in gross cell shape

becau.se we don't see any realignment at very low stress. I

assume this to mean there are various cytoskeletal rearrange-

ments occurring even at the low stresses, but they don't lead

to alignment in the direction of the flow, because the flow

forces aren't forcing the cells to do that. I don't know why the

maximum permeability occurs for that rounded shape at that

particular time.

Fujiwara: We are looking at the motility of cells in the

monolayer, and when cells are round they move at lot more.

Perhaps movement breaks the cell-cell adhesion more fre-

quently than in the aligned area, contributing to the increased

permeability.

McIntire: Yes, that's possible.
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Identification of a Functional Domain in Laminin-5
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Laminin-5, a trimer composed of a3, /?3, and ^2 sub-

units, is an important component of epithelial basement

membranes and is spatially associated with cell-substrate

adhesion structures called hemidesmosomes (Rouselle et

ai. 1991: Jones et ai. 1994). Hemidesmosomes are asso-

ciated with keratin filaments and are therefore considered

linkers of the extracellular matrix and the intermediate

filament cytoskeleton (Jones et ai, 1994).

A laminin-5-rich matrix is capable of inducing rapid

cell adhesion as well as hemidesmosome assembly in a

squamous cell carcinoma line (SCC12) (Langhofer et al..

1993; Baker et ai. 1996). Two members of the integrin

family of cell matrix receptors, a?>0\ and a6/34, bind

laminin-5 and are involved in these processes (Carter et

al. 1991; Langhofer et al.. 1993). a3/?l integrin is in-

volved in rapid cell adhesion to laminin-5, whereas a6/?4

is involved in hemidesmosome formation and cell spread-

ing on laminin-5-rich substrates (Jones et al.. 1991; Lang-

hofer et ai, 1993; Baker et ai. 1997). We have taken

an immunological approach to defining the domains of

laminin-5 involved in epithelial cell-substrate interac-

tions.

A panel of monoclonal antibodies to the a3. 03. and

•y2 subunit chains of the laminin-5 heterotrimer was gen-

erated (Langhofer et al.. 1993; Plopper et ai. 1996). Two
of these antibodies, 5C5 and CM6, recognized the a3
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laminin-5 subunit (Langhofer et al., 1993; Plopper et ai,

1996; Baker et al.. 1996). We assessed, by electron mi-

croscopy, the ability of these antibodies to block laminin-

5-induced hemidesmosome assembly in SCC12 cells.

When the laminin-5 matrix was treated with CM6 anti-

body, sec 12 cells plated on this substrate lacked

hemidesmosomes (Baker et al., 1996). This indicated that

CM6 antibodies block the ability of laminin-5 to nucleate

hemidesmosome formation in SCC12 cells. In contrast,

when sec 12 cells were plated onto 5C5 antibody-treated

matrix, there were many hemidesmosomes at the basal

aspect of these cells (Baker et ai. 1996). These results

indicate that the epitope recognized by the CM6 antibod-

ies plays an important role in hemidesmosome formation.

To characterize the epitopes of the CM6 and 5C5 anti-

bodies, laminin-5 was purified from conditioned medium

of epithelial cells, incubated with each antibody, and ana-

lyzed by rotary shadowing. Purified non-antibody-treated

laminin-5 is a Y-shaped molecule with a long (about

1 10 nm) arm (Baker et al.. 1996). Rotary shadowed im-

ages of laminin-5 incubated with the 5C5 antibody

showed that this antibody bound to the long rod domain of

laminin-5. Interestingly, the function-blocking antibody.

CM6. localized to the globular or G domain of the

laminin-5 heterotrimer (Baker et ai. 1996).

Our results indicate that the G domain of laminin-5

appears to be essential for both epithelial cell interaction

and nucleation of hemidesmosome assembly. This con-

clusion is consistent with studies of laminin-1, whose G
domain has also been shown to mediate a number of

important processes (Skubitz et ai. 1991; Yurchenco et

al.. 1993; Matter and Laurie, 1994). Our study provides

the first direct evidence that the G domain of laminin-5

is not only a structural component of the extracellular

matrix-cytoskeleton link, but also a crucial player in its

formation.

400



BIOCHEMICAL PROPERTIES OF THE CYTOSKELETON 401

Acknowledgments

This work was supported by NIH and ACS.

Literature Cited

Baker, S. E., S. B. Hopkinson, M. Fitchmun, G. L. Andreason, F.

Grasier, G. Plopper, V. Quaranta, and J. C. R. Jones. 1996.

Laminin-5 and hemidesmosomes: role of the ajl subunit in hemides-

mosome stability and assembly. J. Cell Sn. 109: 2509-2520.

Baker, S. E., O. Skalli, R. D. Goldman, and J. C. R. Jones. 1997.

Laminin-5 and modulation of keratin cytoskeleton arrangement in

FG pancreatic carcinoma cells: involvement of IFAP300 and evi-

dence that laminin-5/cell interactions correlate with a dephosphory-

lation of a6A integnn. Cell Motil. Cytoskel 37: 271-286.

Carter, W. G., M. C. Ryan, and P. J. Gahr. 1991. Epilignn, a new

cell adhesion ligand for mtegrin aifSX in epithelial basement mem-

branes. Cell (,5: 599-610.

Jones, J. C. R., J. Asmuth, S. E. Baker, M. Langhofer, S. I. Roth,

and S. B. Hopkinson. 1994. Hemidesmosomes: extracellular ma-

tri.x/intermediate filament connectors. Exp. Cell Res. 213: 1-11.

Jones. J. C. R., M. A. Kurpakus, H. M. Cooper, and V. Quaranta.

1991. A function for the integrin alpha 6 beta 4 in the hemidesmo-

some. Cell Reg. 2: 427-438.

Langhofer, M., S. B. Hopkinson, and J. C. R. Jones. 1993. The ma-

trix secreted by 804G cells contains laminin-related components that

participate in hemidesmosome assembly in vitro. J. Cell Sci. 105:

753-764.

Matter, M. L., and G. W. Larurie. 1994. A novel laminin E8 cell

adhesion site required for lung alveolar formation //; virm. J. Cell

Biol. 124: 1083-1090.

Plopper, G., J. Falk-Marzilher. S. Glaser, M. Fitchmun, G. Gian-

nelli, T. Romario, J. C. R. Jones, and V. Quaranta. 1996.

Changes in expression of monoclonal antibody epitopes on laminin-

5r induced by cell contact. J. Cell Sci. 109: 1965-1973.

Rousselle, P., G. P. Lunstrum, D. R. Keene, and R. E. Burgeson.

1991. Kalinin: an epithelium-specihc basement membrane adhe-

sion molecule that is a component of anchoring filaments. / Cell

Biol. 12: 205-214.

Skubitz, A. P., P. C. Letourneau, E. Wayncr, and L. T. Furcht. 1991.

Synthetic peptides from the carboxy-terminal domain of the A chain

of laminin: their ability to promote cell adhesion and neurite out-

growth, and interact with heparin and the beta 1 integnn subunit. J.

Cell Biol. 115: 1137-1148.

Yurchenco, P. D., U. Sung, M. D. Ward, V. Yamada, and J. J.

O'Rear. 1993. Recombinant laminin G domain mediates myoblast

adhesion and heparin binding. J. Biol. Chern. 268: 8356-8365.



Relerence: Bml. HulL 194: 402-405. (June, 1998)

Interaction of Vimentin With Actin

and Phospholipids

JAGESH V. SHAH* t, LOUISE Z. WANGt, PETER TRAUBt, AND PAUL A. JANMEYt

*Haminl-MIT Division of Healtli Sciences and Teclmology.f Division of Experimental Medicine.

Biigluun and Women 's Hospital. Harvard Medical School. Boston. Massachusetts;

and tMax-Planck Institute for Cell Biology. Heidelberg, Germany

Vimentin intermediate filaments are a major cytoskele-

tal constituent of cells of mesenchymal origin. They have

been colocalized with a variety of intracellular structures

such as actin filaments and the plasma membrane. La-

beled actin filaments, observed //; vitro by fluorescence

microscopy, break in the presence of polymerizing vimen-

tin: the time course is consistent with stopped-flow mea-

surements of vimentin polymerization. This breakage

phenomenon appears to be specific for vimentin. Inhibi-

tion of vimentin network formation was observed with

phosphatidyl inositol phosphate (PI(4)P) and phosphati-

dyl inositol bisphosphate (P1(4,3)P:I, but not phosphatidyl

choline (PC), phosphatidyl serine (PS), or phosphatidyl

inositol (PI). Taken together, these results indicate a spe-

cific interaction of vimentin with F-actin and polyphos-

phoinositide lipids.

Introduction

Vimentin-type intermediate filaments are a major cy-

toskeletal constituent of cells of mesenchymal origin.

Theories as to their function vary from maintenance of

cellular integrity (Lazarides, 1980) to gene regulation

(Traub and Shoeman, 1994). There is //( vivo evidence for

vimentin colocalization with other cytoskeletal elements,

such as actin (Brown and Binder, 1992; Gary et al.. 1994;

and Tint et al.. 1991) and microtubules (Gurland and

Gunderson, 1995; Gyoeva and Gelfand, 1991 ), as well as

with cellular organelles, such as the plasma membrane
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eton: Mechanical, Pliy.sical. and Bii)h>gical Inleractions. The workshop,

which was held at the Marine Biological Laboratory, Woods Hole,
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and the nucleus. Here we present in vitro studies indicat-

ing that vimentin interacts directly with both F-actin and

polyphosphoinositide lipids.

Materials and Methods

Purification of actin and vimentin

Actin was purified by the method of Spudich and Watt

(1971) with slight modifications. Actin was stored in G-

buffer (2 niM Tris. 0.2 mM CaCL, 0.5 mM ATP, 0.5

mM DTT, pH 8.0) at -80°C; it was polymerized at a

concentration of 5 /jM by the addition of a ten-times

concentrated solution of F-buffer (lX:20 mM Tris, 150

mM KCl, 2 mM MgCL, 0.2 mM CaCL, 0.5 niM ATP,

0.5 mM DTT, pH 7,4) and was stabilized by the addition

of equimolar TRITC-phalloidin (Sigma Chemicals. St.

Louis, MO). Vimentin was purified from Ehrlich ascites

tumor cells by the method of Nelson et al (1982). Vimen-

tin was extensively dialyzed against non-polymerizing

buffer (10 mM Tris, 6 mM DTT, pH 7.6) to remove

residual urea and was polymerized by the addition of KCl

to 150 mM. All reagents were purchased from Sigma

Chemicals (St. Louis, MO).

F-actin-vimentin inleractions

F-actin. under either polymerizing or non-polymerizing

conditions, and stabilized by TRITC-phalloidin (10 nM),

was visualized by fluorescence microscopy in the pres-

ence of 20 fjM unpolymerized vimentin. A large number

of fields were recorded to videotape over time, and the

average length of F-actin— based on at least 200 filament

traces— was calculated.
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Figure I. With increasing time, the average length of F-actin decreases in the presence of polymerizing

vimentin. Labeled, phalloidin-slabilized actin filaments (10 nM) are visible by fluorescence microscopy in

a sample containing 18 fjM (1 mg/ml) unlabeled vimentin before and after addition of KCl to initiate

vimentin polymerization. The dimension of each image is 50 fjm in width, and the image in panel 4 was

taken 25 min after polymerization.

Rheology of vimentin networks

Rheology of vimentin networks wa.s carried out as de-

scribed previously (Janniey etal., 1991). Oscillatory mea-

surements of elastic modulus were made with a Rheome-

trics RFS II fluids spectrometer (Rheometrics. Piscata-

way, NJ) at a frequency of 1 rad/s and a strain amplitude

of 1%.

Results

F-actin-vimentin interactions

Labelled actin filaments were examined /;; vitro by

fluorescence microscopy and were seen to break in the

presence of polymerizing vimentin. Figure 1 shows a

panel of four video frames: the fluorescent filaments are

F-actin in a matrix of polymerizing unlabeled vimentin

filaments. Such breakage was not seen under non-poly-

merizing conditions, indicating that polymerization is re-

quired. The decrease in average F-actin length is shown

18 |iM Polymerizing
7 \iM Polymerizing

7 nM Non-polymerizing

10 15 20 25 30

Time [min]

40

Figure 2. Average length of F-actin decreases in the presence of

polymerizing vimentin filaments. Higher concentrations of vimentin re-

sult in faster rate of length decrease. Unpolymerized vimentin does not

cause a decrease in F-aclin length.
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Figure 3. Rheology of vimentin networks disrupted by polyphosphoinositide lipids. Other phospholip-

ids, such as phosphatidyl serine, phosphatidyl choline, and phosphatidyl inositol, had no significant effect

on vimentin polymerization.

in Figure 2 as a function of vimentin polymerization and

concentration. Tlie time course is consi.stent witii stopped

flow measurements of vimentin polymerization (data not

shown). This breakage phenomenon appears to be specific

for vimentin, since no breakage is seen with microtubules

in actin, or with actin in microtubules or fibrin (data not

shown).

Vimentin-phospholipid interactions

The interaction of vimentin and phospholipids was

measured by rheological methods and showed that poly-

phosphoinositide lipids inhibit the formation of an elastic

network. Inhibition was observed with PI(4)P and

PI(4,5)P2, and to a lesser extent with PI (Fig. 3). Inhibition

was not observed with PC or PS. These results are consis-

tent with early studies by Perides et al. (1986) showing

that phospholipid vesicles, especially those containing

PIP and PlPn, inhibit vimentin polymerization and depo-

lymerize preformed vimentin filaments.

Conclusions

Fluorescent actin filaments decrease in length in the

presence of polymerizing vimentin. Filament breakage

was not observed in other biopolymer systems, indicating

that the interaction is specific.

PIP and PIP: inhibit the polymerization of vimentin as

measured by rheological methods. This evidence points

to a specific interaction between vimentin and polyphos-

phoinositide lipids.
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Two Distinct Mechanisms of Actin

Bundle Formation
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Actin filaments (F-actin)— one of the major types of

cytoskeletal filament— can be induced to form bundles by

the addition of any of a number of polycations. including

divalent metal ions, trivalent hexaminecobalt. or basic

polypeptides. The general features of bundle formation,

as detected by light scattering, centrifugation. optical and

electron microscopy, are largely independent of the spe-

cific structure of the bundling agent used. The formation

of lateral aggregates of actin filaments in response to

polycations begins at a threshold concentration that varies

strongly with the valence of the cation and increases with

the ionic strength of the solution. Polyanions. such as

nucleoside phosphates and acidic polypeptides, disperse

actin bundles into single filaments. These features are

similar to those associated with DNA condensation and

can be explained analogously by polyelectrolyte theory

(Tang and Janmey, 1996: Tang et ai, 1996). The general

behavior is dictated by the polyelectrolyte nature of F-

actin, which causes a class of nonspecific binding by

ligands that carry several net. opposite charges. Such a

bundling mechanism can be applied to a class of cationic

actin-bundling proteins, including smooth muscle cal-

ponin and the microtubule-associated proteins tau and

Map2c.

One direct consequence of this model of bundling is

that neither dual binding sites nor dimerization of a pro-

tein with a single binding site is required to bundle F-

actin (Tang et ai, 1997b). This alternative and somewhat
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counterintuitive concept may help explain why some ac-

tin-bundling and cross-linking proteins have only a single

identifiable actin-binding site, and the purified proteins

exist in solution as monomers. Smooth muscle calponin

and a 25-amino-acid actin-binding peptide (aa 151-175)

derived from the myristoylated, alanine-rich. C kinase

substrate (MARCKS) are two examples among poly-

cations that appear to induce actin-bundle formation

mainly by an electrostatic mechanism (Tang and Janmey,

1996; Tang et ai. 1997b).

A different type of actin bundle is formed by solution

crowdedness, the thermodynamic basis of which is to

maximize the entropy of the solution, including all solute

and solvent molecules. Two equivalent terms— the ex-

cluded volume effect (Onsager. 1949) and steric exclusion

(Arakawa and Timasheff. 1985)— have been used in the

literature to describe the restriction that two macromole-

cules cannot overlap their positions in solution. At high

concentrations, such a constraint may lead to various

forms of self-assembly or other aggregation phenomena

(Herzfeld, 1996). For the case of an F-actin solution, high

concentrations of noninteracting proteins like ovalbumin,

and inert polymers like polyethylene glycol, facilitate lat-

eral aggregation of F-actin (Suzuki et ai, 1989). This

type of actin-bundle formation has different features than

that induced by polycations. including an opposite depen-

dence on the ionic strength of the solution (Tang et ai,

1997a) and an opposite dependence on the concentration

of actin (Suzuki et ai. 1989; Tang et ai. 1997a; Tang

and Janmey, 1996). which by itself contributes to the

solution crowdedness.

The optical images in Figure 1 show examples of actin

bundles formed by the two different mechanisms. Panel

A shows bundling induced by 50 mM MgCL. representa-

tive of excess polycation concentration. Panel B shows

bundles induced by 8% polyethylene glycol [molecular

406
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Figure 1. Comparison of aclin bundles formed by excess polycations (A) and by solution crowdedness

(B). Panel A: large bundles of F-actin induced by 50 mM MgCU. Panel B: actin bundles formed by 8%
(wt) polyethylene glycol of average molecular weight 8000 dalton (PEG-8000).

weight approximately 8000 (PEG-8000)], illustrating the

effect of solution crowding. Bundles of both types were

visualized by the fluorescent labeling of F-actin with rho-

damine phalloidin. The pair of images illustrates the gen-

eral observation that the two types of bundles are virtually

identical in appearance at this level of resolution. The

only subtle difference is that the Mg-actin bundles tend

to reach a larger size than PEG-actin bundles, and the

difference is more apparent by phase-contrast microscopy

(data not shown). Both types of actin bundles have also

been examined by electron microscopy, and the general

morphology is indistinguishable. In cells, various poly-
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cations and cationic proteins are abundant, and the cyto-

plasm is also crowded with other macromolecules that

may or may not directly interact with F-actin. Therefore,

the two distinct mechanisms may jointly play pivotal roles

in forming the functional arrays of bundled actin filaments

found in many cell types.
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Plectin Sidearms Mediate Interactions of

Intermediate Filaments With Microtubules and
Other Components of the Cytoskeleton

TATYANA M. SVITKINA. ALEXANDER B. VERKHOVSKY. AND GARY B. BORISY
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The IF-associated protein plectin has been proposed to

be a cytoplasmic cross-linker (Foisner and Wiche. 1991 ).

We recently reported unique "millipede-like" structures

in mammalian cell cytoskeletons revealed after removal

of actin by treatment with gelsolin (Svitkina et ai. 1995.

1996). Here we demonstrate, by immunogold labeling,

that the millipede structures are composed of cores of

vimentin IPs with sidearms containing plectin. The di-

mensions of the sidearms (up to 200 nm long and 2-3 nm
wide) match the size of plectin molecules (Foisner and

Wiche, 1987), suggesting that sidearms are made of indi-

vidual plectin molecules, or a few of them in register.

These plectin sidearms connect IFs to microtubules, the

actin-based cytoskeleton, and possibly to membrane com-

ponents. Plectin binding to microtubules is significantly

increased in cells from transgenic mice lacking IFs (MFT-
16 cell line, courtesy of Dr. R. Evans). Numerous side-

arms are associated with microtubules in these cells, giv-

ing them an unusual "hairy" appearance. After microin-

jection of exogenous vimentin in MFT-16 cells, IFs of

variable length are formed within 3 h; the IFs have a very

high density of associated plectin, whereas microtubules

lose most of their plectin sidearms. These results suggest

the existence of a pool of plectin that preferentially as.soci-

ates with IFs, but that may also be competed for by micro-

tubules. The association of IFs with microtubules shows
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no preference for Glu-tubulin. Nor does it depend upon

the presence of MAP4; indeed plectin links were retained

after specific immunodepletion of MAP4.
The IF-plectin complexes also displayed extensive as-

sociation with stress-fibers. The actin-binding domain

identified in the plectin sequence (McLean et at., 1996)

may play a role in this interaction. However, plectin bind-

ing to stress-fibers survives actin depletion by gelsolin.

revealing structural association with myosin II minifila-

ments. the major non-actin component of stress-fibers.

These results suggest that myosin II minifilaments, or

components closely associated with them, may play a role

as plectin targets. An additional association partner of

plectin seen in our cytoskeleton preparations consists of

material with irregular granular and fibrillar substructure.

This material, as yet unidentified, may represent protein

remnants of membrane structures, such as plasma mem-
brane or membrane organelles.

In conclusion, our results provide direct structural evi-

dence for the hypothesis that IF-plectin complexes com-

prise an extensive cross-linking of cellular components

(Fig. I ) and provide a structural framework for the inte-

gration of cytoplasm. In this model. IFs provide the core

while plectin forms peripheral linkers that connect to

MTs, the actin-based cytoskeleton, and membrane struc-

tures. However, IFs and plectin do not seem to be equal

partners in performing their functions. The absence of

obvious phenotype in vimentin-null mice (Colucci-Guyon

et ai, 1994) suggests that vimentin's role in cytoplasmic

organization is not essential. In contrast, plectin seems to

play a key role in maintaining tissue integrity, as has been

demonstrated by analysis of a human hereditary disorder

(epidermolysis bullosa with muscular dystrophy) showing

plectin deficiency (McLean et ai, 1996; Smith et ai.
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PLECTIN

INTERMEDIATE FILAMENTS

MICROTUBULES

ACTIN FILAMENTS

MYOSIN FILAMENTS

PUTATIVE MEMBRANE
COMPONENTS

Figure 1. Diagram illustrating integration of the cytoskeleton. Plec-

tin sidearms on IFs link them to microtubules, myosin II minifilaments.

actin filaments, and putative membrane components, thus mechanically

connecting various cellular structures.

1996). Though plectin prefers to associate with IFs, it

can cross-Hnk cytoskeletal structures in the absence of

vimentin. Consequently, plectin may be able to maintain

cytoplasmic integrity independently of IFs.
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Concluding Remarks

This has been an interesting few days for many of us

who have not had the opportunity to meet each other in

this kind of context before. It has forced us to think of

other areas that we normally don't study and the complex-

ity of those different systems. With respect to complexity,

some of the terms that have been used in this meeting

demonstrate that communication is one of the major prob-

lems we face. However, the important prospect for this

meeting is that it is the beginning of a series of multidisci-

plinary communications that we hope NASA will perpet-

uate, because they have an interesting niche to fill in the

life sciences. I would therefore like to thank NASA for

supporting this workshop.

In concluding, I would like to present a typical molecu-

lar biologist's view of signalling in the cell. A signal is

depicted by a lightning bolt which interacts with a recep-

tor and is followed by a response within the nucleus. A
cell biologist who works on microtubules depicts the cell

as consisting primarily of microtubules; we have seen this

many times at this meeting. Then there is the way I look at

the cell— as containing intermediate filaments. Someone

working with actin portrays a cell with only actin. We
all use different antibodies and different probes, which

suggests to our audience that there is only one major

component inside the cell, because each of our images is

filled with our own protein. In turn, each of us tries to

explain signal transduction in light of our own interests.

We know, however, that there is a lot of cross-talk

amongst these different elements. One of the most intrigu-

ing things that has come up several times at this meeting

is that a cell can be stimulated in various ways if it is

stressed. Some refer to this stimulation simply as stress.

while others call it signaling. There are also many ways to

describe the response. Whether stimulated by heat shock,

mechanical stress, or some toxic compound, cells behave
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in interesting ways, from the moment that some signal

impinges on the cell surface. I will just remind you of

what Rick Morimoto told us very briefly at this meeting.

That is, if you stress a cell by using heat shock or some

poisonous divalent cation, or any of a whole spectrum of

different agents, they all produce this kind of response in

which cytoskeletal systems such as intermediate filaments

collapse back to the nucleus, or actin paracrystals form

inside the nucleus. These responses happen in minutes,

and it takes time for the cell to recover. At the same

time, heat-shock transcription factors, which are normal

constituents of the cytoplasm, enter the nucleus to form

structures inside it which alter gene expression in some

way. At this meeting we heard about the effect of shear

stress on endothelial cells. Peter Davies has shown, and

Keigi Fujiwara described to us this morning, that an endo-

thelial cell exposed to shear elongates, and stress fibers

proliferate— or at least they get longer, more abundant,

and thicker.

Any drug that reacts with one of the cytoskeletal ele-

ments will change the others. However, if experiments

are narrowly focused on one cytoskeletal element, the

action of the drug appears to be very specific. I think we

are learning that there is a lot of cross-talk amongst the

cytoskeletal systems which form extremely complex in-

teracting networks. Nevertheless, although a very close

look at just actin in solution, or even solubilized actin

containing interdigitated intermediate filaments, may

seem simplistic, in fact, this is probably the only way to

begin learning how these systems interact.

1 think that cell biologists must begin to communicate

with physicists if we are to get a handle on the exquisite

sensitivity of these systems to external perturbations. Per-

haps everything starts as a mechanical stimulus at the cell

surface and is then transmitted through these elements to

the nucleus and back again to the surface of the cell. I

hope that this meeting will be only the first exchange in

a dialog addressing these issues. 1 thank NASA again for

giving us the opportunity to get together.

Robert D. Goldman
Woods Hole, Massachusetts

November 1996
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