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Abstract

Metamorphosis of Phestilla sibogae, an aeolid nudibranch,
is an ordered sequence of developmental events, both constructive and destructive, which converts the shelled, pelagic
larva into a shell-less, elongate, benthic juvenile.

The

structure and fate of transitory larval organs (velum, shell,
operculum, retractor muscles, and part of the epidermis) were
investigated before, during, and after metamorphosis with
both light and electron microscopy in an attempt to elucidate
the morphology of these organs and the mechanisms by which
they are lost.

Loss of the velar lobes is the first

morphological indication of metamorphosis.

In~.

sibogae,

this involves selective dissociation and subsequent ingestion
of the ciliated velar cells;

the remaining aggregate of

supportive cells is apparently incorporated into cephalic
epidermis.
Attachment of larval body to shell and operculum is
primarily at sites of retractor muscle insertions.

These

attachment zones are characterized by modified epithelial
cells which contain unusual organelles consisting of dense
hemidesmosomes on apical and basal sides of these cells
connected by 80 ~ diameter tonofilaments.

The structural

adhesive force at these attachment zones is probably an
extracellular cement.

At metamorphosis, the apical hemi-

desmosomes lose their dense appearance and adhesion between
plasmalemma and shell or operculum is lost.

Histochemical

tests for acid phosphatase, a lysosmal enzyme, reveal both

v

membrane-bound and non-specific presence of enzyme.

It is

not known if lysosomes are involved in loss of adhesion.
~Vhen

attachment to shell and operculum are lost, the

shell is cast off as muscular action pulls the visceral
organs through the narrow shell aperture.

Merger of visceral

and cephalopedal elements results in flattening of the postlarval body and reorientation of internal organs.

Simul-

taneously, a rapid spreading of epipodial epidermis over the
lateral, dorsal, and posterior sides of the body produces
the definitive integument.

The squamous cells which comprise

the larval peri-visceral epidermis are pushed ahead of the
definitive epidermis and are seen shortly after the shell is
cast as a constricted aggregation of cells on the left
posterior side of the body.

Muscular action is probably

responsible for the rapid migration of epidermal tissues,
since inhibition of mitosis with colchicine, and intracellular contraction with cytochalasin B, does not prevent
migration.
AutOlysis of muscle fibers which insert on tissues of
the velum is seen within minutes of initiation of metamorphosis, and shortly after the larva leaves the shell the
large larval retractor muscle bundles also begin autolysis.
Some cells of the larval kidney are lost at metamorphosis,
while others persist and are still seen associated with the
posterior intestine two days after metamorphosis.
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The most obvious changes which occur when planktonic
P. sibogae larvae become metamorphically competent are
development of pedal mucous glands, enlargement and condensation of ganglia, and

incr~asingly

peripheral nerve fibers.

obvious presence of

Numerous observations suggest

that pedal glands are necessary for attachment of the larva
to the substratum at metamorphosis, and that this attachment
provides a firm anchorage against which the larval retractor
muscles can pull the visceral organs out of the shell.
Metamorphosis can be artificially induced by low concentrations of succinylcholine chloride, suggesting that the
nervous system is directly involved in the normal induction
of metamorphosis.
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INTRODUCTION

1

Development of an animal from egg to adult organization
produces a progressive change in body form.

The ordered

steps of this progressive development may be gradual, as in
mammals, or abrupt, as in many species which undergo drastic
environmental, ecological, and morphological changes between
larval and post-larval stages.

These abrupt, often dramatic

changes in body morphology have been termed metamorphosis and
may be though of as an acceleration or condensation of the
developmental pattern.

For benthic marine animals which

have a pelagic larval stage, metamorphosis usually involves
the loss of those features which enable the larva to exist
as a pelagic organism, and the assumption of features which
will allow the adult to exist as a benthic one.

Thus, this

developmental change may superficially appear to be a constructive process, but a closer analysis shows it to be
destructive as well.

It is well established that the pre-

sence of an existing organization may inhibit or retard
expression of a potential one (Berrill, 1971;

Saunders, 1966)

so that selective destruction of tissues is a necessary
requisite of development.

At the time of metamorphosis, most

larvae possess adult organs, although they may be rudimentary
or non-functioning.

By eliminating the larval body, metamor-

phosis allows complete expression of the adult.

Rather than

considering metamorphosis as an event which produces an adult,
perhaps it is more appropriate to see it as an event which
destroys the larva.
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Virtually all invertebrate phyla contain species which
exhibit metamorphosis.

It is becoming increasingly evident

that metamorphosis of many pelagic invertebrate larvae is
stimulated by an external factor.

This factor is usually

associated with some feature of the adult environment, such
as substratum, presence of adult food organisms, or presence
of other individuals of the same species (see Meadows and
Campbell, 1972, for summary and extensive bibliography;
also Thorson, 1946;

Wilson, 1968).

The fact that part of

the developmental pattern is triggered by exogenous factors
renders marine larvae excellent potential experimental
organisms.
For most invertebrate groups, behavioral and ecological
aspects of metamorphosis are generally known, but anatomical
and morphological studies are only sporadically reported.
Ultrastructural investigations of metamorphosis have been
reported for very few marine invertebrate species, those
mainly in the ascidians, (Cloney, 1953, 1966, 1969;
and Grimm, 1970;

Ishikawa, et

~~.,

Cloney

1972a, 1972b) and the

ectoprocts (Woollacott and Zimmer, 1971).
Many studies of gastropod metamorphosis have been reported, but few were histologically oriented.

The most

detailed investigations of gastropod metamorphosis were those
of D'Asaro (1965), Thiriot-Quievreux (1967, 1969), Crofts
(1937, 1955), and Smith (1935) for prosobranchs, and Thompson
(1958, 1962), Rao (1961), Horikoshi (1967), Thiriot-Quieveux
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(1970) and Tardy (1970) for opisthobranchs.

Complete reviews

of other, less extensive, investigations in these groups are
given in Thiriot-Quievreux (1969), Tardy (1970) and Russell
(1971).

The investigations of Thompson and Tardy are most

pertinent to this study as they also deal with nudibranch
gastropods.
Phestilla sibogae Bergh (1905), an aeolid nudibranch,
was chosen for an ultrastructural and cytological study of
gastropod metamorphosis for several reasons.

The animals

are easily cultured in laboratory aquaria, spawn throughout
the year, have a short nonfeeding larval stage, and can
readily be induced to metamorphose.
The life history, behavior, and ecology of Phestilla
sibogae in Hawaiian waters have been described by Harris
(1970) .

Adult~.

sibogae feed on the scleractinian coral

Porites compressa and lay their egg masses on the undersides of the coral heads.

The veliger stage is reached

within the egg mass three days after spawning, and hatching
occurs about the ninth day (Hadfield, 1972).

Once free of

the egg mass, larvae cannot immediately metamorphose, but
must reach a total age of 10 to 11 days from oviposition
before they become competent to metamorphose.

Once

competent to metamorphose they will do so only in the presence of living Porites compressa.

The active factor

inducing metamorphosis is probably part of the coral mucus
(Hadfield and Karlson, 1969), and presence of the coral
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mucus alone in the culture milieu will stimulate metamorphosis.
Metamorphosis of

~.

sibogae follows the pattern des-

cribed earlier in which selective destruction of tissues
specialized for larval life allows the continued development
of the adult form.

The research reported here has under-

taken to characterize the transitory larval tissues and to
analyse their destruction or transformation during metamorphosis.

Since there are no descriptions of larval gastropod

ultrastructure, much of the research was of necessity an
anatomical analysis.

In addition, various cytological and

experimental procedures were utilized to aid in unqerstanding
basic mechanisms underlying the substantial histolysis and
morphogenesis which occur during this period of rapid
developmental change.

The results show that metamorphosis

of Phestilla sibogae is in some respects appreciably different
from that described by light microscopic examination of other
aeolids and nudibranchs in general;

these differences are

discussed in relation to developmental patterns and techniques
used in studying those patterns.
For convenience of presentation, this dissertation is
divided into five chapters.

Chapter I presents the overall

process of metamorphosis in Phestilla sibogae, describing the
organization of the larval body and the morphological changes
experienced by the larval organs and some of the presumtive
adult organs.
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The organization, mode of functioning, and final dissolution of the velum at metamorphosis are described in
detail in Chapter II.

The literature on velar loss is

very often vague or confusing, but many gastropods with
free-swimming veliger larvae probably lose the velum in
the manner described for Phestilla sibogae.
The feature of nudibranch metamorphosis which renders
it more drastic than that of most other gastropods is the
loss of the shell and operculum.

In Chapter III, the

mechanism of attachment between shell, operculum, and larval
body, as well as loss of that attachment, is discussed and
related to adhesive systems in other invertebrate and
vertebrate groups.
Chapter IV reports the morphogenesis of the definitive
adult epidermis, which is produced in quite a different
manner from that described for other nudibranchs.

The

possible reasons for the different modes of epidermal
formation are discussed.
The last section, Chapter V, briefly relates scattered
information from the first four chapters to several aspects
of gastropod metamorphosis and to development in general.

MATERIALS AND METHODS
Obtaining the Larvae.

6

Adult Phestilla sibogae were

kept continuously cultured at Kewalo Marine Laboratory in
aquaria supplied with fresh flowing sea water.

Periodic

replacement of consumed Porites compressa with living coral
heads ensured a constant food supply for the nudibranchs.
Newly laid

~.

sibogae egg masses were collected from the

undersides of coral heads and placed in mesh cages, which
were then submerged in the aquaria.

After 5 days the egg

masses were rinsed and removed to small dishes with sea water
which had been filtered through 0.22 or 0.45
filters (MPF-SW).

~

Millipore

The egg masses were teased open with

forceps, allowing the larvae to escape from their capsules.
Newly hatched larvae are positively phototropic;

a bright

light placed on one side of the dish attracts the larvae for
easy pipetting to a culture beaker of MPF-SW.

The culture

beakers were placed under a low speed, reciprocating stirrer,
and larvae were collected from the cultures for examination
and experimentation as needed.

Cetyl alcohol was often

sprinkled on the water in the culture vessels to lower
surface tension, as the larvae were otherwise easily trapped
at the air-water interface (Hurst, 1967).
A stock mixture of 0.5 gm Penicillin G (Sigma) with 0.6
gm Streptomycin Sulfate (Sigma) in 100 ml of distilled water
added to larval cultures in proportions of 1 ml antibiotic
stock per 100 ml culture effectively controlled bacterial
infestation.
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Light Microscopy.

Observations of living larvae and

subsequent metamorphic stages were carried out with a Wild
M-2 dissection microscope or a Zeiss Universal compound
microscope with provisions for bright field, dark field,
phase contrast, Nomarski interference contast, and fluorescence microscopy.
Light micrographs were taken with either a Kodak Pony
back on the Wild M-2 dissection microscope or on a zeiss
Universal microscope with electronic flash or automatic
camera.

High Contrast Copy film (Kodak), developed in a

1:1 dilution of D-76

(4~

min. at 68 0 F) produced the

clearest results.
In preparing tissues for histological examination, it
was necessary to ensure adequate penetration of fixative by
anesthetizing larvae prior to fixation so they would not
retract into the shell and seal the aperture with the operculum.

A mixture of 3 parts MPF-SW to 1 part Chloretone

(Parke-Davis) saturated in distilled

~ater

effectively

relaxed animals within 5 to 10 minutes of their introduction into this mixture.

For routine histology, anesthetized

larvae were fixed at successive stages of metamorphosis in
Bouin's fluid (made up in MPF-SW) or in 4% formalin in 1%
CaC12' dehydrated in ethyl alcohols, cleared in toluene, and
embedded in paraffin or resin.

For light histochemistry, a

hydroxyethyl methacrylate-polyethylene glycol embedding
medium (Ruddell, 1967) was most satisfactory.

The resin was
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found to polymerize best if only 1/2 to 2/3 of the recommended
amount of accelerator is used.

It was necessary to use

glass molds to ensure complete and uniform polymerization.
A thin layer of Tacky-Wax (Central Scientific Co.) applied
to the upper and lower surfaces of the trimmed block
facilitated ribboning of the 1 to 2 pm sections cut on
either steel, or preferably, glass knives.
Electron Microscopy.

The most effective fixation for

electron microscopy was obtained with 2.5% gluteraldehyde in
0.2 M Millonig's phosphate buffer brought to 960 milliosmoles
with NaCl, followed by post-fixation in 1 or 2 % Os04

in

1.25% sodium bicarbonate buffer, all at room temperature.
Dehydration via alcohols and propylene oxide preceded embedding in Epon 812 which had been mixed in proportions 4:6 of
stocks A and B (Luft, 1961).

Embedding was done in flat

molds so that larvae could be oriented in the resin prior to
polymerization.
Larval stages with shells required decalcification when
non-acid fixatives were employed.

After an initial fixation

period of 30 minutes in glutaraldehyde, 10% disodium EDTA
was added in a 1:1 ratio with fixative to make a final
concentration of 5% EDTA.

As soon as the shells were

decalcified (usually after 20 to 30 minutes) the larvae were
washed twice in fixative before proceeding to post-fixation
and dehydration.
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Thin sections (600 to 900 g in thickness, as determined
by interference color) for electron microscopy were cut
with a glass or diamond knife on a Reichert OM-U2 ultramicrotome and collected on 100-mesh formvar-coated grids or on
300-mesh uncoated grids.

Sections were stained for 5 to

10 minutes in 2% uranyl acetate in 50% ethanol followed by
2 to 4 minutes in lead citrate (Reynolds, 1963), and
examined on a Philips 201 or Philips 300 electron microscope
at 60 or 80 KV.

All pictures were taken on Kodak Contrast

Projector Plates.
Thick (0.75 to 1.0 um) sections taken alternately with
thin sections were mounted on glass slides and strained with
1% azure II and 1% methylene blue in 1% borax solution
(Richardson, et al., 1960).

These sections were used for

orientation as well as general histological analysis.
Cyto- and Histochemistry.

For both light and electron

microscopic enzYme histochemistry, paraformaldehyde was
depolymerized (Dawes, 1971) and used to make a fixative with
final concentrations of 4% formalin, 1% CaC12' and 0.1 M
acetate buffer at pH 7.1.

Following fixation, larvae were

washed for 12 hours in 0.88 M sucrose in 1% gum arabic before
histochemical incubation.
Staining and histochemical methods used include
hematoxylin-eosin, periodic acid-Schiff's, alcian blue
series, mercury-bromphenol blue, and acrolein-Schiff's

10
(Pearse, 1968).
phosphatase:

Two methods were used to test for acid

first, the standard Gomori technique in which

lead sulfide is precipitated at sites of acid phosphatase
activity (Pearse, 1968); and second, the newly developed
method of Hanker, et a1.

(1972a, 1972b) in which osmiophilic

polymers are generated at sites of the enzyme's activity.
A slight modification of Hanker's technique involved the use
of 10% DMSO in the incubation medium (Hanker, personal comm.).
Controls for the Gomori technique involved use of 0.005M
sodium fluoride as an inhibitor, and for Hanker's technique
involved deletion of the substrate.
Experimanta1 Modification of Metamorphosis.

Several

biologically active compounds were employed in an effort to
alter certain aspects of the metamorphic process and thus
understand mechanisms involved in those processes.

In all

experiments, 20, 50, or 100 larvae were introduced into
glass dishes containing the experimental agent diluted in
MPF-SW.

When the induction of metamorphosis was required,

small pieces of living Porites compr_essa were added to the
culture dishes.

Appropriate controls without coral and

without the experimental agent were run concurrently with
each experiment.
Cytocha1asin B (Aldrich Chemical Co.), tubucurarin
chloride (Sigma), procaine hydrochloride (Sigma), succiny1choline chloride (Sigma), hexamethonium chloride (Pfa1tz-

11
Bauer), and colchicine (Sigma) were made up in stock solutions which could be diluted 10 or lOa-fold to the final
experimental concentration.

Cytocha1asin B is not water

soluble, consequently, stock solutions were made up with
dimethyl sulfoxide (Sigma) which could then be diluted with
sea water.

Additional controls using dimethyl sulfoxide

alone were used in experiments with these chemicals.
Experiments with lanthanum chloride (Pha1tz-Bauer) were
unsuccessful because the chemical produced a fine precipitate
in sea water, even at concentrations as low as 10 ppm.
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CHAPTER I.

METAMORPHOSIS

13

RESULTS
Metamorphosis of Phestilla sibogae is an ordered
sequence of developmental events, both constructive and
destructive, which convert a shelled, swimming larva into
an elongate, shell-less, benthic juvenile.

The events of

metamorphosis are interdependent, and must proceed in their
natural order for normal development to occur.

Super-

ficially, however, these events are visibly distinguishable
and thus allow construction of an artificial staging of
metamorphosis.

This staging is based on anatomical changes

easily visible with a dissection microscope, and was intended
for practical convenience.

Arbitrarily defining set points

in the metamorphic stages could be fixed and compared with
some degree of constancy (Bonar, 1972).

As illustrated in

Figure 1, there are 7 easily recognizable stages, labeled
here A through G.
Stage A larvae are the newly hatched individuals which
must undergo an obligatory swimming period before they are
competent to metamorphose.

The ability to metamorphose

develops at the lOth or 11th day following egg-laying
(Hadfield, 1972), thus, this stage is usually two to four
days in length, depending on the time between oviposition
and hatching.

As a larva develops metamorphic competence,

it becomes a stage B larva, physically recognizable by the
inflated propodium, slightly reduced visceral mass, and
increased retraction of the mantle fold from the shell
aperture.

Larvae remain in this stage until they metamor-
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Figure 1.

Larval and metamorphic stages of Phestilla

sibogae.

A.

Newly hatched larva, not yet competent

to metamorphose;
after hatching;
morphosis;

B. Competent larva, about 4 days
C. First recognizable stage of meta-

velar lobes lost;

larval body and shell lost;
exit from the shell;

D. Attachment between
E. Postlarva just after

F. Postlarva approximately one

hour after exit from the shell;
almost complete;

epidermal migration

G. Late postlarva or early juvenile

stage, two days after metamorphosis.
la.k., larval kidney;
pro., propodium;
s., shell;

a., anus;

m.f., mantle fold;

op., operculum;

r.d.d., right digestive diverticulum;

st., statocyst;

v., velum.

c.•

o

w
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phose or perish;

the length of this stage is dependent on

environmental factors.

At this stage, larvae which were

positively phototropic at hatching become negatively phototropic, settle, and undergo the swimming-crawling behavior
reported for other settling larvae (Thompson, 1958,1962).
If a settled larva is now exposed to Porites compressa,
metamorphosis is induced (Hadfield and Karlson, 1969).
The first visible feature of metamorphosis is the loss of
the velum;

such larvae are termed stage C.

Transition

from stage B to stage C is abrupt, loss of the velum taking
10 to 20 minutes.

Within 20 to 60 minutes of velar loss,

the attachment of the larval body to the shell is lost,
producing a stage D individual.

At this time the animal

crawls about the substratum on its foot and after a variable
period of time (usually less than 30 minutes) casts off the
shell and operculum, entering stage E.

During the next

30 to 60 minutes the visceral hump becomes incorporated more
smoothly into the body, forming the "hump-backed" stage F
post-larva.

Continued development involves flattening

and elongation of the body until within two days, stage G,
the pseudovermis or limapontiform stage (Tardy, 1970), is
attained.

Development of tentacles, rhinophores, and cerata

will produce the typical adult form.
Descriptions of metamorphosis reported for various nudibranch species indicate that this staging method is applicable
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to the process in all but those species which have a highly
modified direct development.

Because the mode of embryonic

and larval development varies with species, the times for
individual stages may vary substantially, but the overall
pattern appears to be consistent.

Structure of the Larva Prior to Metamorphosis
Shell, Velum, and Head.

The inflated, Type-2 larval

shell (Thompson, 1961) measures 240 pm X 160 pm, shows no
evidence of sculpturing, and does not increase in size during
larval life (Figure 2, a,b.).

The veliger larva is able to

withdraw its body entirely into the shell, sealing the
aperture with the simple, unadorned operculum.

The most

distinctive feature of the gastropod veliger is the velum,
a cephalo-pedal locomotory and feeding organ.

A detailed

description of velar structure and function in Phestilla
sibogae, as well as its fate at metamorphosis, is reported
in Chapter II.

This transitory larval organ, an outgrowth

of the cephalic region, arises from the larval body dorsolaterally to the mouth.

From the mouth, the esophagus

passes between and slightly beneath the partially-fused
cerebral ganglia and opens into the antero-dorsal surface of
the stomach.

Just behind the cerebral ganglia an evagination

of the floor of the esophagus forms the radular pouch which
contains 3 or 4 radular teeth in competent, stage B larvae.

IS

Figure 2.
view;

Larval shell of P. sibogae.
B. Ventral view.

A. Right lateral

100J,J
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Dorsally, beneath the epidermis and just behind the
origin of the velar lobes, the pair of darkly pigmented eyes
is visible.

Tentacles and rhinophores are never present,

even rudimentarily, before metamorphosis.
Foot and Glandular Components.

Below the mouth, the

anterior portion of the foot of a pre-metamorphic, stage-B
larva has expanded into a propodium, due primarily to
increase in size of the propodial and metapodial glands within
the foot.

The ventral surface of the foot, which has a dis-

tinct groove down its midline, is heavily covered with short
(5 to 6

pm)

simple cilia and microvilli.

Most of the lateral

surfaces of the foot are unciliated (Figure 3), although
microvilli are present.

The foot epidermis is seated on a

dense basal lamina and is composed chiefly of columnar cells
interspersed with at least two morphologically distinct types
of non-ciliated secretory cells (Figure 4).

Histochemical

tests for carbohydrates using P.A.S. and alcian blue techniques
were only weakly positive, suggesting that the secretions,
presumably mucoidal in nature, contain very little neutral
mucopolysaccharide or non-sulfated acid mucopolysaccharide.
The ciliated columnar cells have basal nuclei and large
apical vacuoles which contain faintly visible, dumbbellshaped structures (Figure 4).

These vacuoles have only been

reported from the epidermis of aeolid nudibranchs (Hyman,
1967) and have been studied at the ultrastructural level by
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Figure 3.

Frontal section through the larval foot of P.

sibogae.

op., operculum;

face of the foot.

u.l.f., unciliated lateral

\u.1. f.
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Figure 4.

Epidermal morphology of the larval foot of

sibogae.
epidermis.

~.

A-C., Electron micrographs of the pedal
b.l., basal lamina;

dumbbell-shaped inclusions;

i.v., vacuoles with

m.g.c., mucous gland cells.

Also note the numerous cilia and microvilli present
on the surface of the foot.
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Schmekel and Wechsler (1967), who suggest they have an
absorptive, filtrative, and mechanical function.

In

Phestilla sibogae larvae, the vacuoles are usually elongate
in an apical-basal direction, with their inclusions roughly
perpendicular to the cell surface.

The inclusions do not

stain noticeably with P.A.S., alcian blue, mercury-bromphenol
blue, nor acrolein-Schiff's, indicating they are neither
protein nor neutral mucopolysaccharide.

It should be noted

that these diffuse inclusions are barely visible with the
light microscope, thus they may have reacted to these tests
but not stained intensely enough to be visualized.
The operculum is tightly attached to a layer of squamous
epidermal cells on the metapodium.

The structure of the

cells and the nature of their attachment to the operculum
are described in Chapter III.
Beneath the epidermis, the interior of the foot is
largely occupied by well developed propodial and metapodial
mucous glands.

In other species (e.g., Adalaria proxima

and Tritonia hombergi;

Thompson, 1958, 1962) these glands

are distinguished by their respective placement in the
propodial and metapodial (actually mesopodial) portions of
the foot, but in Phestilla sibogae they are in close
proximity, especially in the propodium (Figure Sa).

For

the sake of consistency, the names propodial and metapodial
have been retained.

The metapodial glands fill most of
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Figure 5.
larvae.

Subepidermal pedal glands in P. sibogae
A. Diagram of the relative positions of

propodial and metapodial glands;

B. Electron

micrograph of propodial and metapodial gland cells.
m.m.g., metapodial mucous gland;
mucous gland.

p.m.g., propodial

A
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the mass of the foot and consist of enlarged flask-shaped
cells, with narrow necks that penetrate the epidermis and
expel the cell contents on the ventral foot surface,
primarily ln the mid-ventral groove (Figure S,b).

These

cells have basal nuclei and extensive rough endoplasmic
reticulum, the latter apparently involved in manufacturing
the abundant, darkly-staining, membrane-bound secretion
granules stored apically in each cell.

Electron micrographs

show that metapodial gland secretion granules are released
intact;

these probably break down on contact with the

external environment.

Secretions of the metapodial glands

are morphologically similar to those described in mucous
glands of other organisms, for instance, the nemertine,
Lineus ruber (Storch and Welsch, 1972).

These authors

speculate that the presence of extensive rough endoplasmic
reticulum in mucous gland cells indicates a high protein
content in the mucus produced by those cells.
The propodial glands, much smaller and occupying a more
anterodorsal position in the foot, are morphologically
distinct from the metapodial glands.

Cells of the propodial

glands contain more Golgi apparatus, and the membrane bound
secretions are more electron lucent (Figure S,b), than in
metapodial gland cells.

The propodial glands usually section

poorly, as if fixation was inadequate.

Peterson and Leblond

(1964) suggest that Golgi origin of mucus reflects a high
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proportion of carbohydrate in the mucus;

this is also

suggested here by the evidently poor fixation, since
mucopolysaccharides are not always fixed well by gluteraldehyde and osmium tetraoxide (Pearse, 1968;

Hayat, 1970).

The propodial glands stain more intensely with the P.A.S.
test for carbohydrate than do the metapodial glands, however,
as the propodial glands overstained with any stain, results
of the P.A.S. test cannot be accepted as qualitative evidence
for higher harbohydrate levels in these glands.
Also present in the foot are the pedal ganglia with
associated nerve tracts, and muscle fibers from both the left
larval retractor muscle and the cephalopedal muscle complex.
Mantle Cavity and Perivisceral Epidermis.

Within the

shell, the viscera are covered with a very thin layer of
squamous epithelial cells, averaging 0.5

~

in thickness,

termed the perivisceral membrane (Thompson, 1958).

Except

for the floor of the mantle cavity, this epidermis is part
of the mantle epithelium, or shell gland, a flap of which
continues above the mantle cavity as the mantle fold
(Fretter and Graham, 1962)

(Figure 6).

The mantle fold,

no longer active in shell secretion at the time of hatching,
is not in intimate contact with the larval shell, but extends
only part way toward the shell aperture.

Like the rest of the

mantle epithelium, this fold is composed of very thin squamous
cells, although its leading edge is thickened slightly.
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Figure 6.

Light micrograph of a sagittal section through

a stage B larva of P. sibogae.

m.f., mantle fold;

p-v. ep., perivisceral epidermis.
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with increasing age the mantle fold retracts further and
further from the shell aperture.
The mantle cavity is situated above the dorsal larval
body and extends laterally and ventrally on the right side
where the mantle fold is continuous with the perivisceral
epidermis low on that side.

The larval body is closely

applied to the shell on the left side (Figure 7), but the
freedom of body from shell on the right side becomes
increasingly evident as the larva ages and volume of the
visceral mass decreases.
A slight mid-dorsal ridge of cilia is present on the
floor of the mantle cavity.

This ciliated ridge, which

extends only part way toward the rear of the mantle cavity,
functions in circulating water through the mantle cavity.
On the ventral floor of the mantle cavity on the right side
of the body is the anal opening.

A narrow band of cilia,

originating just behind the anus, arcs over the anus,
emerges from the mantle cavity, and runs down the right side
of the foot.

The beat of these cilia effectively sweeps

fecal material out of the mantle cavity and away from the
body.
The floor of the pallial cavity is composed of cuboidal
cells which are morphologically distinct from those of the
foot (Figure 8) in that they do not contain the peculiar
vacuoles with dumbbell-shaped inclusions.

Figure 7.

Diagrammatic representation of stage B larva

of P. sibogae from a dorsal view.

l.r.m., left larval

retractor muscle;

n., nephrocyst;

r.r.m., right larval

retractor muscle;

s., shell.

n.

I.r.m. ---.......~
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Figure 8.

Electron micrograph of epidermal cells on the

floor of the mantle cavity in a stage B larva of P.
sibogae.

ep. c., epidermal cells;

m.f., mantle fold.

5JJ

Visceral Mass.

The internal anatomy of Phestilla

sibogae veligers is similar to that of other lecithotropic
nudibranch veligers, as described by Thompson (1958, 1962),
Rao (1961), and Tardy (1970), and will be treated here
superficially except where significant differences occur.
The visceral mass of Phestilla sibogae has abundant
yolk reserves so that larvae can be maintained for as much
as two weeks without food while retaining the ability to
metamorphose.

In newly hatched larvae, the individual

visceral organs are difficult to distinguish and must be
traced by sectioning, but in older larvae it is possible
to see many of the visceral elements.
Connected with the stomach are the right and left digestive diverticula which contain most of the larval yolk
reserves.

The left diverticulum is much larger than the

right, so that the stomach of a newly hatched larva is displaced to the right.

As the larvae age and yolk is utilized,

the digestive diverticula decrease in size and the stomach
comes to occupy a medial position in a stage B larva.
The intestine exits from the posterior, dorsal wall of
the stomach, passes down the right side of that organ, loops
beneath it to the left, then back to the right, where it
opens into the mantle cavity just below and behind the larval
kidney.
Excretory Organs.

Three, seemingly independent, organ

systems contribute to the larval excretory apparatus:
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(1) the larval kidney;

(2) the paired nephrocysts;

and

(3) epidermal deposition granules.
The unpaired larval, or secondary, kidney almost entirely
surrounds the anus and posterior intestine on the right side
of the body.

There are at least three morphologically

distinct cell types in this organ, with more than 15 cells
involved in the total structure (Figure 9 a, b).

Two of the

cell types contain large vacuoles, and the third cell type,
represented by only a single cell, appears to be a mucous
gland.

This glandular-appearing cell is the most dorsal of

the three types, takes stain very heavily, and sections
poorly, as if insufficiently fixed.

Mitochondria, Golgi

apparatus, and endoplasmic reticulum are present basally,
further suggesting the glandular nature of this cell.

It

is possible that it produces mucus which aids cilia in
eliminating feces from the mantle cavity;

if this hypothesis

is correct, this cell should not be considered part of the
larval kidney.
The two vacuolated cell types are distinguishable primarily by the nature of their vacuolar inclusions.

Those cells

immediately adjacent to the posterior intestine and anus contain several vacuoles in each cell;

these vacuoles are seen

in sections to be empty, to contain a fine homogeneous precipitate, or to contain crystalline structures (type 1, Figure
9b).

Free ribosomes are present in these cells, but
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Figure 9.

Section through the larval kidney of a stage B

P. sibogae larva.

On the overlay is outlined the extent

of the larval kidney cells.

A. Light micrograph of a

cross section through a larva just anterior to the anus.
B. Composite electron micrograph of the larval kidney
immediately adjacent to the anus.
unicellular mucous gland;
2, type-2 vacuolated cells.

a., anus;

u.m.g.,

1, type-l vacuolated cells;

abundant endoplasmic reticulum and Golgi apparatus are lacking.
No discrete ducts leading from these cells to the exterior
were seen, however most of the cells border on the mantle
cavity and vacuoles are often separated from the outside only
by the cell membrane.

Ocassionally, sections were seen in

which these vacuoles appeared to be bursting to the exterior,
although this may be fixation artifact.
There are at least four type-2 cells in the larval kidney,
lying in the most ventral portion of that organ just beneath
the posterior intestine (type 2, Figure 9B).

The basal

cytoplasm is similar to that seen in type-l cells, but the
very large apical vacuoles are filled with highly convoluted
myelin structures.

Under high magnification these myelin

figures do not show the trilaminar structure of membrane,
but appear as stacks of diffuse lamellae.

Figure 9b, shows

what appears to be a "maturation" of these vacuoles, from the
medial to lateral cells, involving progressive filling of
the vacuoles with the myelin material.

In the medial cells,

this material is seen in smaller vacuoles which appear in
the more lateral cells to be merging with the larger vacuoles.
These cells do not border on the mantle cavity and no ducts
are seen which connect them with the exterior.

How these

cells release their storage products is not known.

In life,

the larval kidney is colorless and could not be observed to
release the contents of any of its component cells.
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The nephrocysts are a pair of unicellular structures
approximately 20 urn in diameter which are located beneath
the epidermis, just behind the velum and above the statocyts, on either side of the esophagus (Figure 7).

The

left member of the pair is located somewhat more posteriorly
than the right.

Each nephrocyst has many irregular vacuoles

with sparse particulate contents (Figure 10).

The nucleus

is located apically, and vacuoles, yolk platelets, numerous
mitochondria, and a highly convoluted tubular (condensing?)
system are basal.

An apical lumen encloses a few cilia,

but no connections between the lumen and the mantle cavity
or the hemocoel could be detected.

One vacuole in each

nephrocyst, considerably larger than the rest, is always
seen bordering on the mantle cavity, separated from it only
by the membrane of the nephrocyst.

As with the larval

kidney, sections sometimes show this vacuole bursting to
the outside;

again, this may be a fixation artifact.

Nephrocysts are closely apposed to the larval retractor
muscles, and electron micrographs suggest an intimate
association between muscles and nephrocysts (Figure 10).
During early larval life, abundant yolk is stored in
the muscle cells, especially adjacent to the nephrocysts;
as larvae age this yolk diminishes.
With increasing age, white pigmentation becomes evident
in the epidermis of the head and propodium of the larva.
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Figure 10.

Electron micrograph of a nephrocyst in a

stage B larva of

~.

sibogae.

The overlay shows the

boundary of the nephrocyst cell.
l.r.m., left retractor muscle;
muscle;
vacuole.

st., statocyst;

ep.c., epidermal cell;
r.r.m., right retractor

t.s., tubular system;

vac.,
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Electron micrographs show the pigment to be intracellular
crystalline deposits (Figure 11).

Although this deposition

is seen primarily in the cephalic region of the larva,
patches of white pigment are later visible in the epidermis
of much of the adult body.

It is quite likely these patches

are nltrogenous waste products of amino acid metabolism,
possibly pterines or purines (See Vuillaume, 1969 for the
bio-chemical derivation of these products), which are reported
to produce the white pigmentation seen in other nudibranchs
(Fox and Vevers, 1960;
Larval Musculature.

BUrgin, 1965).
The larval musculature is concen-

trated primarily in two bands:

a left larval retractor with

its origin on the extreme left posterior side of the larval
body inserts on the operculum and pedal tissues;

and a

larger right retractor muscle, which originates posteriorly,
just to the left of the dorsal midline, and inserts in the
tissues of the head and velum (Figure 12a, b, c).

Contraction

of these muscles retracts the head, velum, and foot into the
shell and pulls the operculum tightly into the shell aperture.
Within the foot there is also an opercular retractor which may
be just a subdivision of the left retractor.

The opercular

muscle inserts on the right side of the operculum and onto
the ventral lip of the shell aperture (Figure 12,c);
action is to aid in closure of the operculum.

its

Longitudinal

sections of these muscles reveal a striated appearence with
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Figure 11.

Electron micrograph of crystalline deposits

in the pedal epidermis of a stage B larva of P. sibogae.
e.d.g., epidermal deposition granules.
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Figure 12.

Diagrammatic representation of the larval

musculature of P. sibogae.
P. Left lateral view;

A. Dorsal view;

C. Oblique frontal view.

l.r.m., left retractor muscle;
retractor muscle;

op.r.m., opercular

r.r.m., right retractor muscle.

A

c

r.r.m.

'.r.m.
B

op.r.m.

'-r.m.
r.r.m.
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a 1.125 pm periodicity.

These striations are not the

Z-bands seen in vertebrate skeletal muscle, but are
overlapping alternations of filaments, presumably actin
and myosin, as shown in bivalve "quick muscle" by Hanson
and Lowy (1961).

Many subepidermal muscle fibers are

present throughout the anterior portions of the larval body,
corresponding in part to the cephalopedal muscle complex
described by Thompson (1958).

The placement and function of

these scattered fibers are discussed more fully in Chapter IV.
Attachment between shell, operculum, and larval retractor
muscles, described in detail in Chapter III, is mediated by
specialized cells of the perivisceral epidermis.

The

retractor muscles insert just below the junction of mantle
fold and perivisceral epidermis, and for at least part of
their route to the head and foot, pass just beneath the floor
of the mantle cavity.

The left retractor passes immediately

lateral to, and slightly below, the left statocyst and arcs
smoothly into the foot.

The right larval retractor muscle

passes directly forward beneath the floor of the mantle
cavity and inserts on the basal lamina of head and velar
epidermis.

This muscle is responsible for withdrawing the

head and velum into the shell cavity ahead of the foot and
operculum, but is not responsible for closure of the shell
aperture by the operculum;

the latter function is assumed

by left larval retractor and opercular muscles.

No apparent
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morphological differences were seen between cells of the
different muscles, such as is seen in the quick and catch
muscles of bivalves (Hanson and Lowy, 1960).
Nervous System.

The nervous system was not analysed

in detail, but is very much like that shown for Aeolidiella
alderi by Tardy (1970).

Comparison of larval stages A and

B shows the ganglia of the latter to be larger and more condensed.

Peripheral nerve fibers are small and difficult to

find with the light microscope, but electron microscopic
examination shows nerve fibers to be more abundant in older
larvae.

Attempts at selective staining of the nervous system

of fixed specimens with methylene blue or gold chloride
(Conn, et al., 1960) were unsuccessful.
Heart.

No larval heart was visible at any stage, nor

was there indication of pulsatory activity on the floor of
the mantle cavity.

At metamorphosis, there are no signs of

definitive heart primordia, and as Tardy (1970) notes for
Aeolidiella alderi, it is only after metamorphosis and during
elongation of the pseudovermis stage that the adult heart
becomes noticeable, and even then it is at first poorly defined.

Metamorphosis
The first indications of the onset of metamorphosis in
Phestilla sibogae are behavioral.

Larvae which are competent

to metamorphose will settle and crawl actively on the sub-
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stratum, apparently testing for the suitable environmental
conditions which promote metamorphosis.

Often larvae will

swim off, settle elsewhere, and repeat the crawling behavior.
When larvae settle in conditions conducive to metamorphosis,
which in nature will presumably be on or near Porites
compressa coral heads, the morphological process of metamorphosis begins.

The mechanism by which larvae sense the

environmental inducing factor is unknown, thus no accurate
estimate can be made of the time between "sensing ll the inducer
and beginning visible morphological change.

The shortest

time observed between introduction of Porites compressa to the
larval culture and onset of visible metamorphic change was
2 hours.

It was, however, common to see metomorphosis occur

only after larvae had been in the presence of Porites compressa
for 12 hours or more, and sometimes a delay of 24 to 48 hours
would occur before metamorphosis began.

This should not be

construed to mean that there is necessarily a time lag between
initial interaction of inducer with the larva and the onset of
metamorphosis;

it is possible that action of the inducer is

immediate but that larvae vary in the length of time until
a response is noticeable.
As the larvae crawl about on the substratum, their velar
lobes are partially extended and the preoral cilia are constantly beating.

The areas around the mouth are in fairly

close apposition to the substratum, giving the appearance of
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"tasting" the ground over which the larva travels.

If inter-

action of larvae with metamorphic inducer is by way of contact
chemoreception (Carthy, 1958) or a "chemical-tactile" perception as suggested for larvae of barnacles (Crisp, 1965) and
annelids (Wilson, 1968), then it may be that larvae can perceive the inducer only when that inducer is adsorbed into the
cuIture vessel.
Whatever the nature of metamorphic induction, the first
indication of irreversible metamorphosis is loss of the velar
lobes (discussed in detail in Chapter II).

The settled larvae

cease crawling and remain in one place with the velum partly
extended from the shell aperture.

Cilia of the velar lobes

begin to beat with increasing asynchrony and ciliated cells
lose their contact with adjacent cells, round up, and are
ingested by the larva;
sites of the lost lobes.

two crumpled piles of cells mark the
This process is brief, occupying

10 to 20 minutes, and is followed by increased activity of the
animal.

Within an hour, the body will have lost intimate

contact with the shell, a process discussed in Chapter III.
Insertion points of the left and right larval retractor
muscles are the primary sites of adhesion between larval body
and shell.

Most of the perivisceral epidermis lies closely

against the shell, but no obvious structural adhesion exists
except at muscle insertion sites.

After loss of the velum,

the body pulls increasingly away from the shell until the
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muscle connections are the last visible sites of attachment.
When these connections are lost, the visceral mass rounds
up in the anterior part of the shell and there is no longer
any physical connection between body and shell (Figure 13).
In this stage, larvae may continue creeping about on the
foot, swinging the shell from side to side as if attempting
to shake it off, but will usually cease crawling to complete
exit from the shell.

Since the diameter of the visceral

mass is larger than that of the shell aperture, the larva
must squeeze out of the shell.

Numerous observations

support the hypothesis that muscular action, against a foot
firmly attached to a substratum, is utilized in levering
the body from the shell.

Partly metamorphosed larvae which

were held in such a way that the foot had no firm anchorage
could not shed the shell.
The visceral mass is not firmly held by the overlying
epidermis, and can be moved about within the hemocoel.
During exit from the shell, the visceral organs are pulled
toward the ventral surface of the foot and merge with the
cephalopedal mass.

Movement of the visceral mass during

shell loss is closely related to a rapid spreading of epipodial epidermis to cover the dorsal and posterior aspects
of the body.

This complex process, reviewed here briefly,

and the role muscles play in its execution, is fully discussed
in Chapter IV.
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Figure 13.
sibogae.

Light micrograph of a stage D larva of P.
Note the lack of attachment between larval

body and shell.
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Shortly after the shell has been cast, the post-larva
has a hump-backed appearance (Figure l,f).

The body is now

almost completely covered with definitive epidermis, although
this epidermal layer is quite thin on the dorsal and posterolateral surfaces.

The remnants of the mantle fold and peri-

visceral epidermis are visible posteriorly as a crumpled pile
of cells on the left posterior aspect of the postlarval body
(Figure 14).

within the next 18 to 24 hours, these cells

are lost, though whether by rejection of resorption is not
known.

Immediately after epidermal migration occurs, the

layer of epidermal cells on the dorsal and lateral sides of
the body is quite thin, only 4 to 5
14

~

~,

compared to the 9 to

thickness of the ventral foot epidermis.

This thin

layer of definitive epidermis will increase in thickness over
the following 18 to 24 hour period until it has approximately
the same thickness as the foot epidermis.

Cell division

may be partly responsible for this increase, but the large
epidermal vacuoles which were quite flattened at completion
of migration have become spherical to oval, as if having
filled with liquid.

Perhaps swelling of these vacuoles due

to absorption of water aids the noted increase in cell volume.
Scattered patches of cilia are visible on the epidermal surface, but only the foot and ventrolateral sides of the body
are uniformly ciliated.

As would be expected, the ventral

surface of the foot is densely and evenly covered with cilia.
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Figure 14.

Light micrograph of a stage F P. sibogae from

a dorsal view showing remnants of larval perivisceral
epidermis.
remnants.

ant., anterior;

post., posterior;

rem.,

ant.

post.
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Rearrangement of internal anatomy brought about at
metamorphosis is similar to that described by Tardy (1970)
for Aeolidiella alderi.

Much of the apparent change is

due to a shift in the antero-posterior axis, coupled with
a dorso-ventral flattening of the body (Figure 15).

This

axial shift is made possible in nudibranchs by loss of the
shell, or specifically, by loss of the constricting influence
of the shell aperture on the visceral mass.

At metamorphosis,

the original line of contact between shell and operculum is
freed to move to a posterior position in the

II

hump-backed II

stage, and without the constricting shell, the visceral
organs move to assume a more ventral position in the postlarva.

The anus, originally at the anterior, ventral limit

of the mantle cavity near the point of shell-opercular articulation, moves posteriorly to a position on the right
lateral flank of the metamorphosed animal, carrying along
with it some of the large vacuolated cells of the larval
kidney and the rudiment of the adult kidney.
As the visceral mass moves to a more ventral position,
the left digestive diverticulum becomes more dorsally situated
over the stomach;

this is accompanied by a slight rotation

of the stomach to the right.

Continuing development and

growth of the left digestive diverticulum, as seen later in
the pseudovermis stage, will bring it to occupy a position
posterior to, and filling most of the body cavity behind,
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Figure 15.

Diagrammatic presentation of axial shifts in

P. sibogae at metamorphosis showing flattening of the
dorsoventral axis and rotation of the anterior-posterior
axis.

A. Stage B larva;

B. Stage G postlarva.

A

B

•
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the stomach.

The much smaller right digestive diverticulum

is located postero-laterally to the stomach on the right
side.

The openings of intenstine and digestive diverticula

into the stomach are all in very close proximity at this
stage.

The diverticular openings are side by side on the

ventral portion of the posterior stomach wall.

The intes-

tine exists at the junction of the stomach and right digestive
diverticulum, and actually appears to be more closely
associated with the diverticulum than the stomach.

As it

passes posteriorly, the intestine loops to the left, then
to the right, all entirely beneath the left digestive
diverticulum, before exiting on the posterior right side
of the animal (Figure 16).
In the stage G post-larva, the adult kidney rudiment
is visible just anterior and dorsal to the anus, and the
large type-l vacuolated cells of the larval kidney are still
evident lying alongside the posterior intestine and adjoining
the adult kidney rudiment (Figure 16).

Type-2 vacuolated

cells are not seen after metamorphosis, and are probably
lost during, or soon after, casting of the shell.
of the nephrocysts are seen after metamorphosis;

No traces
it is

believed that they are lysed along with the larval retractor
muscles with which they are in close association.
Dissolution of muscular tissue is evident quite early
in metamorphosis.

Within minutes of velar loss, lytic bodies
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Figure 16.

Diagrammatic representation of visceral

reorganization in P. sibogae at metamorphosis.
A. Stage B larva;

B. Stage G postlarva.

b.a., buccal apparatus;
kidney rudiment;

e., esophagus;

la.k., larval kidney;

digestive diverticulum;

a., anus;
k.rud., adult
l.d.d., left

o.r.d.d., opening to the right

digestive diverticulum (right digestive diverticulum
removed in B);
stom., stomach.

r.d.d., right digestive diverticulum;

I.d.d.

A

e
.... ....
.
.

.

'.'

.

. ' ..

stem
r.d.d.

B

starn.
b.a.

k.rud.

a.r.d.d.
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containing muscle fibers are evident in the tissues of the
head (Figure 17);

these are remnants of fibers of the right

retractor muscle which inserted on the velar tissues.

As

metamorphosis progresses and attachments between larval
retractor muscles, shell, and operculum are lost, the main
bulk of the left and right retractors lose their internal
organization as autolysis begins (Figure 18).

The many

small circular, longitudinal, and oblique subepidermal fibers
are not lysed at metamorphosis.

These muscles, most notice-

able in the cephalopedal region, will contribute to the adult
musculature.
Pedal glands are visible in the stage G postlarva, however these are unicellular glands which do not resemble the
original metapodial glands;

the latter have disappeared with-

in two days following metamorphosis.
glands are still visible anteriorly.

The small propodial
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Figure 17.

Electron micrograph showing autolysis of muscle

fibers in the cephalic area of a stage C larva of P.
sibogae within minutes of velar loss.
apparatus;

ly.b., lytic body.

b.a., buccal
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Figure 18.

Electron micrograph of a section through a

larval retractor in a stage F postlarva of P. sibogae.
Note the loss of fibrillar organization, suggesting
autolysis.

l.r.m., left retractor muscle.
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DISCUSSION

The function of metamorphosis in all nudibranchs is the
conversion of a shelled, pelagic larva into a shell-less,
benthic juvenile.

It is thus not surprising that the order

of metamorphic events described for other nudibranchs is
similar to that of Phestilla sibogae, so much so that the
staging method used in this study is widely applicable.
Where differences occur, they can generally be attributed
to variations in developmental patterns in different species.
The developmental patterns of nudibranchs, and discussions of
their differences, have been presented by Thompson (1967a) and
modified by Tardy (1970).

Tardy has essentially reorganized

the three developmental types proposed by Thompson into two
types with six major sub-groupings;

this reorganization

divides developmental types less articicially than does
Thompson's classification, and emphasizes the possible phylogenetic progression in the Nudibranchia.

Tardy's two major

divisions are based primarily on larval shell type, which he
feels is representative of basic ontogenetic differences
during veliger development and metamorphosis.

Species with

Type-One development all possess Type-One protoconchs
(Thompson, 1961) and derive the definitive adult epidermis
of the dorsal surface from thickening and spreading of the
mantle.

Thompson has described the thickening and pro-

liferation of mantle fold cells during larval life in
Adalaria proxima (1958) and Tritonia hornbergi (1962).

This

fold reflects over the body just prior to, and during, metamorphosis, and forms the dorsal integument.

Tardy, des-

cribing Aeolidiella alderi (1970) has shown the definitive
epidermis to corne from the "bourrelet pall~al", a thickening
of cells of the mantle which later everts and spreads over
the dorsal and lateral surface of the body at metamorphosis.
It is not clear whether he considers the "bourrelet pall~al"
to be completely homologous to the thickened mantle fold
described by Thompson, but they appear to be identical.
Virtually all reported descriptions of metamorphosis,
including the studies just mentioned, deal with Tardy's TypeOne development.
Very little is known of the metamorphosis of species
with Tardy's developmental Type-Two, as most of these species
have long planktonic lives.

Tardy (1970) briefly describes

metamorphosis of 5 species in this category, and notes that
the "bourrelet pallf:al" forms on the floor of the mantle
cavity and spreads directly over the sides of the animal,
rather than everting as in Type-One development.

His figures

(#15 a,b, pg. 340) show what he considers to be the developing layer of definitive epidermis on the floor on the mantle
cavity of Tenellia ventillabrum, a species with Type-Two
development;

this presumptive adult epidermis is much thinner

than that seen in the thickened mantle of species with TypeOne development.
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Phestilla sibogae is representative of Type-Two development, but varies somewhat from that briefly described by
Tardy.

The most significant difference is in the origin

of the dorsal epidermis, which in

~.

sibogae originates

entirely from the lateral surfaces of the larval foot.
Within an hour of exit from the shell, definitive epidermis,
characterized by the presence of vacuoles containing dumbbell-shaped inclusions, is present over almost the entire
surface of the body.

When metamorphosis begins, vacuolated

epidermis is found only on the larval foot.

The epidermis

on the floor of the mantle cavity does not contain these
unique vacuoles and is too thin (2.5 to 3.0 urn) to spread
and form the epidermis which is evident around the body
shortly after shell loss.

It is the fortunate occurrence of

these unique vacuoles in aeolid nudibranch epidermis and
the opportunity to visualize them clearly with the electron
microscope which has revealed the actual origin of the
adult epidermis.

Whether this origin is consistent for all

species evidencing Type-Two development, or whether some
species derive the epidermis from the mantle cavity floor,
as Tardy suggests, must await further examination of other
aeolid species.
The use of the terms left and right for the two larval
retractor muscles refers to their placement in Phestilla
sibogae larvae.

Since the embryology of this animal was
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not followed, it is not known whether the relationship
between left and right muscle bundles in this species is the
same as that reported for prosobranch gastropods (see Fretter
and Graham, 1962, for review).

To compound this uncertainty,

the larval musculature as described for various opisthobranch
species is not consistent, either in position or insertion,
and consequent function, of the muscles.

There is only a

single larval retractor muscle reported for Adalaria proxima,
Tritonia hornbergi, (Thompson, 1958, 1962), and Aeolidiella
alderi (Tardy, 1970), while Saunders and Poole (1910) figure
two retractors for Aplysia punctata, and Casteel (1904) shows
three for Fiona marina.

In all of these species except for

Fiona, the main larval retractor, located dorsally and slightly
to the left of the larval midline, branches into the velum,
head, and foot.

The equivalent muscle in Phestilla sibogae,

which I have called the right retractor, inserts only in the
velar and head area, whereas only the left retractor inserts
on the foot.

Casteel (1904) figures a large central

retractor in Fiona marina which inserts only on the cephalic
tissues, while two much smaller lateral bundles serve the
foot.

It is evident that opisthobranch larval musculature

is quite variable, and the presence or absence of muscle
bundles may explain, at least in part, why torsion is seen to
occur as a mechanical process in some species (Tardy, 1970)
and not in others (Thompson, 1958, 1962, 1967a, 1967b).
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It has been assumed since the late 1800's that the
structure termed a larval kidney in opisthobranch larvae
is actually involved in excretion, although there is only
diffuse evidence to suggest this is so (see Casteel, 1904,
and Saunders and Poole, 1910, for reviews).

Saunders and

Poole discounted earlier suggestions that this structure,
darkly pigmented in many species, is an "anal eye", and
state that, "There can be no doubt it is an excretory organ,
since it is easy in living larvae of some opisthobranchs to
observe the process of excretion," (p. 513).

Although

secretory activity could not be detected in living

~.

sibogae

larvae, the morphology of cells of the larval kidney suggests
that this organ is involved in accumulation of metabolic
wastes, if not actual excretion from the larval body.

The

nature of the vacuolar inclusions of the type-2 cells is
suggestive of myelin figures produced in the formation of
artificial phospholipid membranes (Miyamoto and Stoeckenius,
1971).

Possibly these lamellar structures are remnants of

lipid-rich yolk reserves which have been utilized during
development.

The other type of vacuolar cells may corres-

pond to a urinary bladder as suggested by Tardy (1970) for
similar structures in Aeo1idie11a a1deri.

The crystalline

deposits sometimes seen in these vacuoles are of unknown
origin, though Fawcett (1966) notes that intracellular
crystalline deposits are usually assumed to be proteinaceous.
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Nephrocysts, by their very name, have been ascribed
an excretory function, yet very little is known about these
cells.

Previous studies of other opisthobranchs with light

microscopy showed nephrocysts to be paired, unicellular,
filled with vacuoles (sometimes refractive), and not associated with the larval kidney (see Saunders and Poole, 1910,
for review).

Tardy (1970) reports seeing a duct connecting

one of these cells of Aeolidiella alderi to the outside,
suggesting a protonephridial nature, however he was unable
to repeat this observation on other larvae.
seen from the nephrocysts of

~.

No ducts were

sibogae, although some

sections show a small lumen enclosing a few cilia.

Because

at least one large vacuole in each nephrocyst is separated
from the mantle cavity by only the cell membrane, it is conceivable that vacuoles may rupture to release their contents.
The close association between nephrocysts and larval retractor
muscles suggests an interrelationship of some sort.

Reduction

in muscle yolk reserves during larval life is especially
evident in this area;

perhaps the nephrocysts are necessary

to enhance the larval capacity for metabolic waste elimination
from muscle cells.

7,7

CHAPTER II.

VELAR MORPHOLOGY AND LOSS OF THE VELUM
AT METAMORPHOSIS

INTRODUCTION
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The velum is the most prominent characteristic of
gastropod larvae, functioning as a swimming and feeding
mechanism during this pelagic stage.

Carter (1926, 1928)

was the first to study the nudibranch velum in detail,
utilizing available histochemical techniques to elucidate
the basic structure of that organ and to analyze nervous
control of the velar cilia.

A detailed analysis of feeding

by nudibranch veligers was reported by Thompson (1959), who
later (1967b) in a discussion of gastropod torsion, showed an
electron micrograph of a nudibranch velum which to my knowledge is the only ultrastructural examination of a gastropod
larva that has been published.

The structure and function

of the prosobranch velum is similar to that reported for
opisthobranchs (Fretter and Graham, 1962; Fretter, 1967).
Uniquely a larval feature, the gastropod velum is lost
at metamorphosis.

Most reported observations of opistho-

branch metamorphosis are superficial, and only briefly note
that the velum is resorbed, reduced, lost, or regressed
(McMillon, 1941;
1958, 1962;
1970;

Franc, 1949;

Mileikovsky, 1958;

Kawaguti and Yamasu, 1960;

and Franz, 1971).

Rao, 1961;

Thompson,
Tardy,

Several of these workers never

saw the actual event of velar loss, consequently their descriptions are more figurative than literal.

More detailed

observations of velar loss on various prosobranch species
indicate that the velar lobes are either cast off in toto

79
(Scheltema, 1962;
(Pilkington, 1970;

Fretter, 1972) or ingested intact
Fretter, 1972).

Fragmentation of the

velum, followed by ingestion of the fragments, is reported
for the prosobranch Philippia krebsii (Robertson, Scheltema,
and Adams, 1970) and for the bivalves Bankia gouldi
(Sigerfoos, 1908) and Ostrea edulis (Cole, 1938).
This chapter reports the velar structure of Phestilla
sibogae and loss of the velum at metamorphosis.

Histo-

chemical tests for acid phosphatase were utilized to determine the possible role enzymes might play in dissolution
of this larval organ.
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RESULTS
Structure of the Velum

The velum of Phestilla sibogae is a bilobed structure,
the lobes being of equal size (Figure 19).

Each lobe con-

sists of an upper and lower epithelium separated by an
inflatable cavity which is continuous with the hemocoel.
Nerve fibers and elements of the larval musculature underlie
these epithelia.

Along the margin of each lobe is the

preoral ciliary band;

most of the numerous cilia of this

band arise from a single row of large cells (Figure 20).
On the underside of each lobe is the smaller subvelar ridge,
bearing the postoral cilia and delimiting and ciliated food
groove (Figure 20 a, b).
On each lobe there are 40 to 50 large marginal cells
which bear the preoral cilia.

These cells average 19 pm in

diameter, have nuclei 4.4 to 6.9
a single large yolk droplet.

~

in diameter, and contain

In living specimens these

yolk droplets are visible as a row of refractile spheres,
and in specimens fixed in osmium tetroxide and spheres stain
densely black.
Rootlets of the numerous cilia reach deep within the
marginal cells and are closely associated with abundant
mitochondria (Figure 21).

Preoral cilia are organized in

relatively well-ordered rows, and counts of six marginal cells
revealed a surprisingly constant number of cilia per cell,
ranging from 230 to 234 with an average of 231.

The cells
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Figure 19.

Diagrammatic representation of a stage B larva

of P. sibogae seen from an oral view.
velar lobes is not shown.
m., mouth;
velar margin

s., shell;

f., foot;

Ciliation of the
f.g., food groove;

s-v.r., subvelar ridge;

v.m.,

v.m.
~i:iIoo--

f. g.
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Figure 20.

Electron micrographs of sections through the

velar lobes of a stage B larva of P. sibogae.
A. Cross section of a velar lobe;

B. Tangential section

through the margin of one velar lobe.

f.g., food groove;

mar. c., marginal cell;

pre-o.c., preoral

cilia;

mus., muscle;

sup. c., suppor"tive cell;

s-v.r., subvelar ridge.
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Figure 21.

Electron micrograph through a cell of the

margin of a stage B larva of P. sibogae.
ciliary rootlet;

m., mitochondrion.

ve~ar

cil. root.,

\,;~
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mi t.
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do not contain noticeable quantities of endoplasmic reticulum
or Golgi apparatus.
Except for the area in which the preoral cilia are concentrated, the marginal cells are enveloped by supporting
cells (Figure 20, a).

These supporting cells vary only

slightly in their morphology, generally contain several to
many small vacuoles, are sparsely ciliated or lack cilia
entirely, have smaller nuclei than the large marginal cells,
and do not contain large numbers of mitochondria.

Supporting

cells are flattened along the length of the velum and overlap
extensively with adjacent supporting cells so that the
ciliated marginal cells are firmly held by a stratified
squamous epithelium.

Near the base of the velar lobes

the supporting cells are more cuboidal, never ciliated, and
somewhat less vacuolated than the more distal cells.
Both upper and lower surfaces of the velar lobes bear
many microvilli, which are longer on the upper surface (2 to
3

pm)

than on the lower (0.5 to 1.0 urn).
The subvelar ridge on the lower surface of each velar

lobe, like the velar margin, is composed of a single row of
cells heavily overlapped by squamous and cuboidal supporting
cells (Figure 20, a).

These ridge cells, though larger

than their associated supporting cells, are much smaller
(5 to 7 pm diameter) than the marginal cells, but likewise
contain a single large yolk droplet.

Subvelar ridge cells
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which form the postoral ciliary band have only a few cilia
per cell.

Cells lining the food groove, between the pre-

oral and postoral bands of cilia, are sparsely ciliated
except for those directly adjacent to the marginal cells.
Each of these latter cells overlaps several marginal cells
(Figure 20, b) and bears 60 to 80 cilia along its length.
Cells of the upper surface of the velum are unciliated,
except for the single row of cells immediately adjacent to
the marginal cells.

Sections through the velum (Figure 20,

a) usually show a lone cilium borne on this adjacent supporting cell, which typically has very little cell surface
exposed.

The function of this single row of cilia is

unknown.
The ground cytoplasm of all cells of the velum is rather
homogeneous.

There is very little noticeable endoplasmic

reticulum or Golgi apparatus, and few free ribosomes.
Hyaline vacuoles of various sizes are present in the
cells and mitochondria are sparse except as noted for marginal cells.
Gap junctions, desmosome-like tight junctions (zonula
adhaerentes), and septate junctions (zonulae septata) were
all seen in velar cell contacts, although the occurrence of
these junctional types was not uniform.

All three junc-

tional types could usually be found between supporting cells,
but only desmosomes and gap junctions were detected between
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adjoining marginal cells and immediately adjacent supporting
cells.

Gap junctions were often extensive, sometimes

greater than 7

~

in length as seen in sections (Figure 22).
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Figure 22.

Electron micrograph of a section through the

ciliated marginal cells of the velum of a stage B. larva
of P. sibogae, showing gap junctions between marginal
cells.

mar.c., marginal cells;

sup.c. supportive cells.

Arrows show some of the gap junctions commonly seen.
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Velar Loss at Metamorphosis
The first morphological indication of metamorphosis
in Phestilla sibogae is loss of the velar lobes.

The

settled larva ceases crawling and remains stationary with
the velum partly expanded and the mouth pulled away from
the substratum.

Cells of the velar lobes begin to lose

their adhesiveness and round up intact, while the previously ordered beat of the preoral cilia becomes increasingly
disorganized.

Cilia on the surface of the foot directly

below the mouth beat toward the mouth so that the velar
cells, as they dissociate either singly or in clumps of
2 or 3, are swept into the buccal cavity.

When observed

with the compound microscope, this process takes 10 to 20
minutes, although in nature the time may be shorter.
Not all velar cells are ingested, for remnants of the
velum are visible as two clumps of cells just above the
mouth and ahead of the eyes.

Within a few hours these

remnants, presumably having been incorporated into the
definitive epidermis, are no longer visible.

Electron

microscopic examination of metamorphosing larvae has shown
that only the ciliated cells of the velum dissociate and
are ingested.

Micrographs of sections taken through the

velar remnants (Figure 23, a, b) show cells morphologically
similar to the supportive cells of the velum.

These

cells are typically multivacuolated, contain diffuse
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Figure 23.

Electron micrograph through remnants of the

velum in a stage C larva of
section through remnants;
remnants.

~.

sibogae.

A. Tangential

B. Medial section through

Note the microvilli which cover these cells,

and also the lack of cilia.

mus., muscle cells.

A

5u

B
5u
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cytoplasm and organelles, and are covered with microvilli.
No cilia have been detected on any of these remnant cells.
underlying these cells can be seen bundles of muscle fibers
and nerve elements which originally innervated the intact
velum.

The muscle fibers begin to degenerate quite

rapidly, and many lytic bodies containing degenerating
fibers can be detected within a few minutes of velar loss
(Figure 17).

These muscle fibers are branches of the right

larval retractor muscle, which, in other sections, can be
seen degenerating within the larva a short time later (see
Chapter IV).
Observation of metamorphosing larvae which had previously been vitally stained with neutral red showed that
the darkly staining cells of the velum rapidly fill the
lumina of the stomach and digestive diverticula, with most
of the color being evident in the larger left diverticulum.
Electron micrographs of sections through the viscera at
this stage show the large ciliated marginal cells relatively
intact in the stomach (Figure 24, a), although by the time
they are seen in the lumen of the digestive diverticula,
they are fragmenting (Figure 24, b).
The mechanism of selective dissociation of the ciliated
cells of the velum is not known, but since loss of cell
adhesion involves dissolution of structural contacts, the
possible role of enzymatic action was investigated.
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Figure 24.

Electron micrograph of ciliated velar cells

which have been ingested in a stage C larva of P. sibogae.
A. Section through the stomach showing relatively intact
cells.

B. Section through the left digestive diverticula

showing a lysed velar cell.

A
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Lysosomes were visualized histochemically with Gomori's
(Pearse, 1968) and Hanker's (Hanker, et al., 1972a, 1972b)
techniques for demonstration of acid phosphatase.
Examination of whole larvae subjected to these tests
indicated abundant acid phosphatase is present prior to
metamorphosis.

In the velar tissues, lead precipitate from

Gomori method was strongly localized along boundaries
between marginal cells, as shown in Figure 25, a.

When

sections of similarly treated tissues were viewed with the
electron microscope however, this precipitate was seen to be
deposited between the cells, and was not membrane bound
(Figure 25, b).

These same sections showed ample non-

specific deposition of lead, especially in nuclear areas,
rendering the significance of the intercellular deposition
uncertain.
results.

Hanker's techniques provided more clear-cut
Sections through the velar tissues (Figures 26)

showed a very sparse occurrence of precipitation and these
deposits were almost all membrane bound, presumably in lysosomes.

The primary deposition sites in velar tissues were

in the muscle fibers (see Chapter IV).

Figure 25.

Velar cells of a stage B larva of

~.

sibogae

treated with Gomori's method for demonstrating sites
of acid phosphatase activity.

A. Light micrograph

of whole velar lobe;

B. Electron micrograph of

ciliated velar cells.

mar.c. marginal cell;

Pb. ppt., lead precipitate.

Arrows indicate inter-

cellular sites of lead deposition.

Pb.
ppt.
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Figure 26.

Electron micrograph of velar cells of a

stage B larva of P. sibogae treated with Hanker's
method for demonstrating sites of acid phosphatase
activity.
activity;

ac.ph., sites of acid phosphatase
mar.c., marginal cell;

mus., muscle cell.
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DISCUSSION
The structural organization of the velum is ideally
suited for the locomotory and food gathering function it
fulfils.

The marginal preoral band makes the velum a

powerful swimming organ (Fretter and Graham, 1962), for as
Knight-Jones (1954) has shown, the metachronal waves of
these marginal cilia have an effective beat at right angles
to the velar edge and generate a force outwards and downwards toward the food groove.

In the natural swimming

position the shell and foot hang below the velar lobes,
so that the beating of the cilia will propel the larva
upwards.

Cilia of the subvelar ridge aid in trapping

phytoplankters and directing them into the food groove
where they are swept to the mouth and ingested (Thompson,
1959) .
In his classical work on the nudibranch velum, Carter
(1926, 1928) described the marginal cilia as being compound,
with several individual filaments uniting to form 2 to 4
large cilia per cell.

Fretter (1967) described the

marginal cells of Rissoa parva, a prosobranch gastropod,
as each bearing 24 compound cilia.

Fixation of Rissoa

larvae causes the compound cilia to fray, demonstrating
that each is composed of many separate axonemal units.
The mechanism by which individual cilia are interconnected
to form a compound cilium is via spirally-directed flanges
of the ciliary membrane which intertwine with flanges of
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adjacent cilia (Fretter, 1967).
The marginal cilia of Phestilla sibogae are not compound,
although the abundant cilia (approximately 231) on each
marginal cell work together in a highly coordinated manner
so as to suggest a compound nature.

Electron micrographs

show no connections between the individual cilia and no
excessive wrinkling of the ciliary membrane that could not
be accounted for by fixation shrinkage (Gibbons, 1961).
Neither does Heliacus variegatus, a prosobranch I have
studied, show evidence of structural connection between
the numerous ()400) cilia on each of its marginal velar cells.
A detailed electron microscopic examination of larvae of
many species of both prosobranchs and opisthobranchs would
be necessary to elucidate the basic pattern of ciliary
structure in the gastropod velum.
In structural design the velum is simple but highly
efficient.

The specialized marginal cells, containing

little more than a nucleus, energy source (mitochondria and
yolk), and cilia, are firmly held to the larval body by the
encompassing supportive cells.

These supportive cells form

long junctions with the marginal cells and with adjacent
supportive cells so that abundant surface area of cell-to
cell contact is present.

The extensive overlapping of

supportive cells undoubtedly aids in creating a structurally
secure unit.
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As noted in the introduction, there are few reports
of detailed observations of velar loss in gastropods, and
those reports are all on prosobranch species.

The lack of

information or inconsistency of descriptions of velar loss
in the opisthobranchs is probably due to their generally
small size at metamorphosis, limited or misinterpreted
observations of metamorphosis, or a real variation in mode
of velar dissolution in different species.
Not all gastropods metamorphose as rapidly as does
Phestilla sibogae.

Some species, such as the nudibranch

Aeolidiella alderi, studied extensively by Tardy (1970), do
not have a free-swimming larval stage, and metamorphosis
occurs within the egg capsule.

In such species, meta-

morphosis may be drawn out over a period of several days,
and it is quite possible that during this time the entire
velum could be slowly resorbed without specific cell dissolution.

Most opisthobranch species have long larval

lives however, and their metamorphosis is for the most
part unknown.

This, coupled with the generally small size

of opisthobranch larvae, may account for the failure to
observe velar loss in other opisthobranch species.

A close

examination of opisthobranch species which metamorphose
rapidly should indicate how widespread is the phenomenon of
specific cell dissolution and ingestion.

It is economical

for the metamorphosing veliger to consume the velum, either
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by ingestion of resorption, since the velar cells do
contain yolk.

Ingestion or resorption of parts of the

larval body are well known in the metamorphosis of other
marine invertebrates, such as nemertines (Cantell, 1967),
annelids (Wilson, 1932;

Nott, 1973)! bryozoans (Woolacott

and Zimmer, 1971), echinoderms (Hyman, 1955), and, probably
the best known example, tunicates (Berrill, 1950).
The mechanism by which specific cells of the velum of
Phestilla sibogae dissociate is not known.

When these

cells lose contact with each other and round up they appear
to be intact, so presumably dissolution is due to loss of
cell-cell adhesion and not to lysis.

Mechanisms of cell

adhesion are poorly understood, and there is still argument
over specific functions of junctional units such as desmosomes, gap junctions, and septate junctions.

Recent

lines of research indicate that desmosomes are units of
adherence, gap junctions are sites of electochemical
coupling and adherence, and septate junctions are occluding
structures which prevent all but the smallest molecules
from passing through intercellular spaces (Goodenough and
Revel, 1970;

Bennett, 1973;

Loewenstein, 1973).

All of

these structures probably contribute to adherence between
cells, although their relative importance is not clear.
Of particular interest is the study by Goodenough and Revel
(1970) in which they show that organic solvents change the
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morphology of gap junctions, but not of septate junctions
(except at high concentrations), suggesting that the latter
may be structurally more secure.

Since septate junctions

were not detected between ciliated velar cells and their
neighbors, but were seen typically in the general epidermis
and in at least some of the supporting cells, perhaps a
relationship exists between absence of septate junctions
and ability of cells to dissociate, or be dissociated, at
metamorphosis.
Suggestions that proteases might be involved in breaking
of cell-cell contacts (Schnebli and Burger, 1972;

Humphreys,

personal corom.) led to examination of tissues for lysosomal
activity.

Lysosomes have been implicated as histolytic

agents during metamorphosis in several animal groups,
notably insects (Lockshin, 1969), ascidians (Ishikawa, et
al., 1972), and anurans (Weber, 1969), and have also been
shown to release enzymes extracellularly, as seen in human
leucocytes (Zurier et al., 1973).
Preliminary results of the present investigation suggest
that, although techniques for demonstrating lysosomes (as
acid phosphatase) in Phestilla sibogae are not completely
refined, they are probably not the mechanism responsible for
specific dissolution of attachment between cells which are
ingested at metamorphosis.

There is a problem in interpreting

the significance of the apparently nonspecific intercellular

108

deposition of lead seen with Gomori's technique.

Pasteels,

(1969) using the Gomori technique, demonstrated that the
molluscan gill epithelium is rich in acid phosphatase, and
his electron micrographs show extracellular deposition of
lead.

These extracellular deposits apparently reflect

enzymes released by the epidermal cells along with mucus.
In light of these findings it is possible that acid phosphatase
is abundantly present in velar tissues of Phestilla sibogae,
although if this is so, a similar demonstration would be
expected using Hanker's techniques, which was not the case.
Further investigation is needed to refine the two techniques
to bring their results more closely in line so that an accurate
assessment of acid phosphatase can be made.
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CHAPTER III.

ATTACHMENT BETWEEN LARVAL BODY, SHELL,
AND OPERCULUM, AND LOSS OF ATTACHMENT
AT METAMORPHOSIS

INTRODUCTION
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Although the nature of adhesion between molluscan shell
and soft tissues has been investigated at the level of the
light microscope (List, 1902;

Bruck, 1914;

Roehling, 1922)

and to a much lesser extent the electron microscope
(Hubendick, 1958), the mechanism of that attachment is not
clear.

Metamorphosing larvae of Phestilla sibogae presented

an excellent opportunity to study not only the nature of the
attachment but also its fate during metamorphosis, when the
shell and operculum are cast off from the body.
There are no suggestions in the literature as to how
this loss of adhesion might occur.

However, as it does

occur rapidly and as a result of induction of metamorphosis
by an external factor in P. sibogae (see Chapter I), the
presence of preexisting enzymes was postulated as a possible
mechanism of attachment loss.

Lysosomes have been shown

to contain a variety of hydrolytic enzymes (DeDuve, 1969),
consequently, histochemical techniques for the demonstration
of acid phosphatase, a lysosomal enzyme, were utilized to
determine the possible role of lysosomal action in loss of
adhesion.
The results are

compar~d

to attachment mechanisms

reported for other systems, such as the adhesion of
epidermal cells to cuticle in insects (Lai Fook, 1967;
Moulins, 1968. Caveny, 1969) and annelids (Coggeshall, 1966;
Humphreys, 1969), and in the adhesion of epidermal cells to
basal lamina and collagenous lamellae in amphibians (Kelly,
1966) .

III

RESULTS
Structure of the Attachment Sites

The larval shell and operculum of Phestilla sibogae are
firmly attached to the larval body, primarily at the insertion points of the left and right larval retractor muscles
(Figure 12).

Contraction of these muscles causes withdrawal

of the head, velum and foot into the shell, and pulls the
operculum up to tightly cover the shell aperture.

Details

of muscle structure, orientation, and function in Phestilla
sibogae are given in Chapter I.
That part of the larval body enclosed by the shell is
covered by a very thin «1

~)

mantle epithelium, no longer

active in shell secretion, which is now termed the perivisceral epidermis (Thompson, 1958).

Structural details

of this layer are not visible with the light microscope,
but the electron microscope reveals it to be a single layer
of squamous cells, generally less than 0.5

~

in thickness.

This layer is also present where the retractor muscles appear
to insert on the shell, and in actuality, it is this very
thin epidermal layer which forms the strong connection between
muscles and shell (Figure 27).

Epidermal cells of this

area are characterized by unique organelles which appear to
be functioning as a structural brace in the shell-muscle
junction (Figures 28, a, b;

29).

These organelles, here

termed cytoplasmic anchors, consist of dense plaques on
opposite sides of the cells connected by bundles of tonofila-
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Figure 27.

Electron micrograph of the attachment site

between the shell and larval body of
ep.c., epidermal cell layer;

~

sibogae.

mus., muscle cell;

s., shell (decalcified and represented here by the
fuzzy shell matrix).

....

"

l~..-ep.c.
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Figure 28.

Electron micrograph of cytoplasmic anchors

in modified epidermal cells at attachment sites
between the shell and larval body in P. sibogae.
A. Section through muscle insertions at the attachment
site;

B. Section just adjacent to muscle insertions;

tissue was excessively extracted in 70% ethanol during
dehydration.
cell;

b.l., basal lamina;

ep.c., epidermal

file bund., tonofilament bundle;

desmosome;

s., shell matrix;

hemi., hemi-

tono., tonofilaments.
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Figure 29.

Diagrammatic representation of an attachment

site between the shell and larval body in P. sibogae.
b.l., basal lamina;
hemi., hemidesmosome;
tono., tonofilaments.

ep.c., epidermal cell layer;
mus., muscle;

s., shell;

tono.

hemi.

mU5.
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ments.

The thickened plaques resemble the half, or hemi-

desmosomes of vertebrates (Fawcett, 1966) which sometimes
occur in epithelial cells and, like desmosomes, are often
anchoring points for cytoplasmic fibrils,

(Kelly, 1966).

On the apical side of the epidermal cells, the plasmalemma
is closely opposed to the shell, but only at the sites of
hemidesmosomes.

There do not appear to be any evaginations

of the plasmalemma in this region, nor can fibers be seen
to attach the shell matrix to the epidermal cells.

On the

basal side of the cells, hemidesmosomes are often larger
than those on the apical side.

Similarly, the plasmalemma

is most closely applied to the basal lamina at the sites
of hemidesmosomal thickening.

There is an additional

osmiophilic layer visible between the plasmalemma and the
basal lamina at hemidesmosomal sites which has a density
and amorphous character similar to that of the basal lamina.
Muscle cells terminate against the basal lamina, and characteristically contain very wide hemidesmosomes, usually
present throughout the entire width of the muscle cell
(Figure 28).

Within the muscle cells, actin filaments

attach to these hemidesmosomes, just as in the Z-bands of
typical skeletal muscle (Franzini-Armstrong and Porter, 1964);
the thicker myosin filaments do not appear to be attached
to hernidesmosomes.
The tonofilaments in the cytoplasmic anchors are
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o
approximately 80 A in diameter (measured from negative

electron micrographic plates), and do not fall conveniently
into any size class of previously described filaments.
Single tonofilaments traverse the epidermal cells, so that
their lengths are dependent on the thickness of these cells,
generally 0.35 to 0.50

~m.

Tangential sections through

the epidermal cells show that tonofilament bundles are
spherical to oval in cross section (Figure 30).

Arising

from separate hemidesmosomes on the apical plasmalemma,
several bundles may converge on a single, long hemidesrnosome
basally.

Such an organization would create a guy-wire

effect, whereby one point on the basal side of the cell is
stabilized by multiple attachments to the apical side, yielding
a more rigid structure.
o
It is not known if the 80 A tonofilaments of the cyto-

plasmic anchors are contractile, but there is no evidence to
suggest they are.

Sections through the epidermal cells in

the attachment region of both relaxed and contracted larvae
show the average width of these cells to be the same.

Cyto-

chalasin B, a fungal metabolite which has been demonstrated
to disrupt contractile microfilaments (Wessels, et al., 1971),
has no visible effect on the size or structure of these tonofilaments.

As their orientation parallels that of of the

retractor muscle fibers, there seems little reason for these
tonofilaments to be contractile.
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Figure 30.

Electron micrograph of the attachment site in

a stage B larva of

~.

sibogae showing the tonofilament

bundles in cross section.
bundles;

mus., muscle;

file bund., tonofilament
s., shell matrix.
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Epidermal cells containing the cytoplasmic anchors
appear highly vacuolated, due in part to extensive infolding
of the plasma membrane, and in part to discrete vacuoles
within these cells.

Gomori's histochemical test for acid

phosphatase resulted in extensive lead deposition in these
epidermal cells, although not all of the lead was in membranebound vacuoles (Figure 31).

Some vacuoles have the

appearance of lysosomes, and the Gomori test results support
this.

However, the sporadic nonspecific deposition of

lead does mask a clear-cut demonstration of lysosomes in
these cells.

with Hanker's technique for acid phosphatase,

there is far less nonspecific deposition of indicator than
seen with Gomori's method.

The muscle fibers contain

abundant discrete deposits, at least some of which are in
lysosomes, but deposition in the epidermal cells is sparse
(Figure 32).
Infolding of the plasma membrane in the epidermal cells
is so extensive that it is difficult to determine the
number of epidermal cells involved in the attachment areas.
Because nuclei are rarely seen in sections through this
area, it is likely that only a few epidermal cells are
involved.

The area encompassed by epidermal cells which

possess cytoplasmic anchors is slightly larger than that to
which the muscles attach.
Attachment of the operculum to the larval retractor
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Figure 31.

Electron micrograph of the attachment site

between shell and larval body of P. sibogae which was
previously treated with Gomori's method for the demonstration
of acid phosphatase activity.
diverticulum;

mus., muscle;

l.d.d., left digestive
Pb. ppt., lead precipitate.

1u

Pb. ppt.
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Figure 32.

Electron micrograph of the attachment site

between the shell and larval body of P. sibogae
which was previously treated with Hanker's method
for the demonstration of acid phosphatase activity.
Deposition sites show as small discrete spots.
ac.ph., site of acid phosphatase activity;

mus., muscle.
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and opercular muscles is almost identical to that found
between shell and larval retractors.

A single layer of

squamous epithelial cells, traversed by cytoplasmic anchors,
forms the attachment zone between the operculum and larval
muscles (Figure 33).

Occasionally, tonofilaments are seen

which extend from the cytoplasmic anchor bundles into the
operculum (Figure 34);

however, these tonofilaments are

surrounded by outpocketings of the plasma membrane, and
thus are still within the epidermal cell.
Only three, or sometimes four cells are present in the
squamous epithelium adjacent to the operculum, as seen in a
cross section of the foot (Figure 33).

Here again the

attachment area is composed of only a few of these specialized
cells.

As on the shell, the cytoplasmic anchors are present

over a larger area of the operculum than covered by muscle,
once more increasing structural strength by this peripheral
contact.
Loss of the Shell and Operculum
During metamorphosis the attachment to shell and operculum are lost and these structures discarded.

Electron

micrographs show that attachment is broken between the
epidermal cells and the shell or operculum, apparently by
dissolution or weakening of the apical hemidesmosomes.
When the attachment to the shell is lost, the squamous
epidermal cells swell and the apical ends of the cytoplasmic
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Figure 33.

Electron micrograph of a section through the

larval foot of P. sibogae showing attachment of the operculum to epidermal cells.
mus., muscle;

ep.c., epidermal cell layer;

op., operculum.
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Figure 34.

Electron Micrograph of the attachment between

the operculum and epidermal cells in a stage B larva of P.
sibogae.

hemi., hemidesmosome;

tonofilaments.

op., operculum;

tono.,

Arrows show extensions of some tonofila-

ments into the operculum.

1U
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anchors can be seen ending blindly in the cytoplasm
(Figure 35).

Dense osmiophilic material, resembling that

of the hemidesmosomes, is still visibly attached to the
ends of the fiber bundles, but is no longer associated with
cell membrane.

The swollen epidermal cells have a more

homogeneous, sparse cytoplasm, and no longer appear highly
vacuolated.

A section through the opercular attachment

area during the loss of attachment reveals that the apical
hemidesmosomes are noticeably less dense than before
metamorphosis, and the tonofilament bundles lose their
integrity as the epidermal cells pull away from the operculum (Figure 36).
Once the attachment to shell and operculum are broken,
a period of rapid migration of epidermal tissue occurs, and
extensive histolysis of larval muscle begins (see Chapter
IV).

Consequently, it is difficult to accurately follow

the fate of the epidermal cells with cytoplasmic anchors, but
they do become progressively more diffuse (Figure 18) and in
all probability degenerate along with the larval muscles.
As a check on the ubiquity of such anchoring structures,
larvae of Aplysia dactylomela, an opisthobranch gastropod
which does not lose its shell at metamorphosis, and of
Lyrodus pedicellatus, a wood-boring bivalve, were fixed,
embedded, and sectioned through the muscle attachment areas.
Fixation of these veligers was not as satisfactory as had

D3

Figure 35.

Electron micrograph of epidermal cells at

the attachment site of a stage E P. sibogae after
loss of the shell.
tono., tonofilaments.

ep.c., epidermal cell;
Arrows show tonofilament

bundles ending blindly in the cell.

1.u
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been achieved with Phestilla sibogae, but similar cytoplasmic
anchors were seen in both species.

An electron micrograph

of a section through the attachment area of Lyrodus pedicellatus shows the basal lamina to be much thicker and the
basal hemidesmosomes to be longer than seen in P. sibogae,
but otherwise the structures are very similar (Figure 37).
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Figure 36.

Electron micrograph of the attachment site

between epidermal cells and operculum in a stage D
~.

sibogae during loss of the operculum.

epidermal cell;

op., operculum;

ep.c.,

tono., tonofilaments.

Arrows show extracellular material pulling away from
the operculum.
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Figure 37.

Electron micrograph of the attachment site

between the shell and larval body of Lyrodus
pedicellatus.
layer;
matrix;

b.l., basal lamina;

hemi., hemidesmosome;
tono., tonofilaments.

ep.c., epidermal cell

rous., muscle;

s., shell

itii---- s.
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DISCUSSION

The nature of adhesion between shell and larval body
in Phestilla sibogae can be divided into three structural
entities:

(1) the myo-epidermal attachment;

of epidermal, intracellular tonofilaments;
epidermal-shell attachment.

(2) a system
and (3) the

In other animal groups mech-

anisms of attachment have been reported which are basically
similar to the three part organization seen here, although
varying in nature and distribution of some components.
A comparison of the structural entities seen in

~.

sibogae

with analogous structures in other organisms will underline
the similarities and variations seen in adhesive systems.
Involvement of epidermal cells in adhesion to nonliving
structures is well documented.

Notable similarities to

the system described here for P. sibogae are seen in the
attachment of body to cuticle in annelids (Coggeshall, 1966;
Humphreys, 1969) and insects (Lai Fook, 1967;

Caveny, 1969),

and of epidermis to basal lamina and collagenous lamellae
in amphibians (Kelly, 1966).

In these organisms, hemi-

desmosomes are present on apical and basal walls of the
epidermal cells involved, and are terminal points for intracellular fibers.

Repeatedly, hemidesmosomes have been

suggested as anchorages for those fibers,
Fawcett, 1966;

(Kelly, 1966;

Suzi, Belt, and Kelly, 1967), and Kelly has

further shown that while these fibers enter hemidesmosomes,
they do not cross the plasmalemma.

Apparently, hemidesmo-

somes reinforce the plasmalemma at sites of fiber attachment,
since presumably those sites are subject to greater strain
than areas where fibers do not occur.
The closest apposition of plasma membrane to the structure to which it is attached is at sites of hemidesmosomal
thickenings.

The hemidesmosomal plaque is not always present

as a flat, plate-like structure.

In many insects, epidermal

hemidesmosomes are drawn out into cone shapes, so that a large
surface area is available for attachment of fibers in a minimum of space (Caveny, 1969), while in annelid epidermis,
hemidesmosomes often appear as hemispherical knobs (Humphreys,
1969) .
Early workers on the molluscan adhesive epithelium
claimed that epithelial fibers passed through the plasma
membrane and inserted in the shell (Roehling, 1922);

however,

Kelly's (1966) findings that fibers do not cross membranes
suggest this interpretation was wrong.

The osmiophilic

dense layer seen between the apical plasmalemma and the
matrix of the decalcified shell in Phestilla sibogae is reminiscent of the globular, osmiophilic layer Kelly (1966) has
shown between epidermal cells and underlying basal lamina in
larval newt epithilium.

It is probable that this extra-

cellular layer is an adhesive cement, bonding the reinforced
plasma membrane to the basal lamina, shell, operculum, or
other extracellular structure.
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A striking feature of the intracellular fibers reported
in the literature is their great morphological variability
in different organisms.
arthropods;

The greatest divergence is in

here the epidermal cells are transversed by

micro tubules which are apparently continuous from hemidesmosomes on the apical cell membrane to hemidesmosomes or
desmosomes on the basal or lateral sides of those cells
(Bouligand,1962;

Moulins,1968;

Caveny,1969).

In

annelidan (Coggeshall, 1966, Humphreys, 1969), molluscan,
amphibian (Kelly, 1966) and mammalian (Palade and Farquhar,
1965;

Suzi, Belt, Kelly, 1967) epidermal cells, various

sizes of intracellular tonofilaments, not microtubules,
o
ranging from 20 to 120 A in diameter are seen to insert in
hemidesmosomes and apparently act as structural supports.
The tonofilaments present in the epidermal cells of the
annnelid Eisenia foetida bear the greatest similarity to
o
the 80 A tonofilaments of Phestilla sibogae (Humphreys, 1969).
o

Humphreys reports a 50 A diameter for the tonofilaments of
Eisenia;

this disparity could easily be a result of dis-

tortion due to fixation effects or to beam damage in the
electron microscope.
The mechanism by which cells lose adhesive contact with
adjoining cells or structures is not known.

Schnebli and

Burger (1972) suggest that proteases are responsible for the
loss of cell-cell adhesion in cultured cells, thus it is
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not unreasonable to suspect enzymatic action to act in the
dissolution of adhesive structures such as desmosomees or
hemidesmosomes.

The techniques used in my study to visualize

lysosomes (as acid phosphatase activity) did not produce
clear-cut results, although it appears that at least some of
the small vacuoles in the epidermal cells at attachment sites
are lysosomes.

It is not known whether these enzyme-

containing organelles are involved in the dissolution of
attachment sites, but further investigation along these lines
is warranted.

Refinement of these techniques for Phestilla

sibogae larvae and an examination of the fate of lysosomes
during loss of adhesion should indicate whether or not they
are involved in that loss.
In summary, cytoplasmic anchors are not the mechanism
of adhesion, but are supplementary supportive structures.
The strong attachment zone on either side of the cell is
composed of this internal supportive brace, plus an external
adhesive junction;
plasma membrane.

these two units are separated by the
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CHAPTER IV.

MIGRATION OF DEFINITIVE EPIDERMIS
AT METAMORPHOSIS

INTRODUCTION
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The work of Thompson on dorid (1958, 1967a) and tritonid
(1962) nudibranchs, supported by the recent work of Tardy
(1970) on aeolids, has led to the generally accepted view
that, as Hyman (1967, p. 497) notes, "In nudibranchs and other
naked forms the mantle turns back and grows to form the
eventual dorsal surface or becomes incorporated in the wall
of the visceral mass."
1890;

This opposes earlier views (Garstang,

Fischer, 1880-1887) that the dorsal integument, and

consequently the papilae developing from this dorsum, were
derived from epipodial tissues.
In an initial investigation of metamorphosis of Phestilla
sibogae, (Bonar, 1972), it was also assumed for this species
that the definitive epidermis of the dorsal surface was a
product of pallial tissues.

However, on making a more

detailed comparison of larval and postlarval epidermis a
strikingly different origin of adult dorsal integument in
this species has been revealed.

Discovery that enclosure

of the body by definitive epidermis at metamorphosis is
also more rapid (Chapter I) than has been described for other
species led to an investigation of the possible mechanisms
by which migration of epidermal tissue could be brought about.
Thompson (1958, 1962, 1967a) and Tardy (1970) implicate
cellular proliferation as being responsible for the spread of
epidermis over the dorsal surface of tritonid, dorid, and
aeolid nudibranchs.

In this study on Phestilla sibogae,
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colchicine, a mitotic inhibitor (Goodman and Gilman, 1965),
was added to cultures of metamorphosing larvae to test the
possible relationship between cell division and epidermal
migration in this species.

Similarly, cytochalasin B was

employed to determine if its reported action in disrupting
active cellular migration and contraction (Carter, 1967)
would affect the spread of tissues reported here.

In the

many systems reviewed by Wessels, et al., (1971) contractile
cytoplasmic microfilaments are sensitive to cytochalasin B
and can be reversibly inhibited by very low concentrations of
that drug.

An alternate method of tissue migration would

be a passive one, involving extracellular forces, such as
muscular action.

Several muscular relaxants and paralytic

agents were used to test this last possibility.

The results

are discussed in relation to other developmental systems.

RESULTS
The epidermal cell layer which covers the visceral mass
and part of the head of Phestilla sibogae larvae is entirely
replaced at metamorphosis by the definitive epidermis
(Chapter I).

Comparison of sagittal sections through a

premetamorphic larva (stage B) and a postlarva (stage F)
clearly shows the dissimilar character of the visceral
epidermis in the two stages (Figure 38, a, b).

Detailed

examination of the larva reveals two distinct types of
epidermal tissue:

first, the very thin layer of perivisceral

epidermis (also called mantle or shell gland epidermis)
which encompasses the larval body within the shell;

and

second, the much thicker epidermis of the foot and part of
the head.

An outgrowth of the perivisceral epidermis, from

the dorsal to the right lateral side of the larval body,
forms the mantle fold.

The perivisceral epidermis and most

of the mantle fold, which are visible in the light microscope only as a very dark line (Figure 38, a), are composed
of squamous cells which are generally less than 0.5 urn in
thickness.

Only occasionally are nuclei seen in sections

through this tissue, which suggests that relatively few cells
are involved in covering the viscera.

These cells generally

have a diffuse cytoplasm with very few organelles;

mito-

chondria are sparse and there is no evidence of endoplasmic
reticulum or Golgi apparatus.

Small yolk droplets are

scattered throughout the cytoplasm, and many small vacuoles
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Figure 38.

Light micrographs showing the larval and

postlarval epidermis of P. sibogae.
of a stage B larva;
stage F postlarva.
mantle fold;

A. Sagittal section

B. Sagittal section of an early
ft.ep., foot epidermis;

p-v.ep., perivisceral epidermis;

visceral epidermis;

v.h., visceral hump.

m.f.,
v.ep.,

A

m.f.
....

,-""",,-

,

...

.,.:

ft.ep.

B

ft.e p.

\p-v.ep.
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are present.

The vacuoles are usually less than 0.1

pm

in

diameter and appear either to be empty or to contain a
homogeneous, light staining, fine granular material (Figure
39) .

On the floor of the mantle cavity the perivisceral

epidermis is composed of cuboidal cells which do not exceed
2.5 to 3.0

~

in thickness.

Some of these cuboidal cells

contain cytoplasiu which is denser and more homogeneous than
cells of the rest of the perivisceral epidermis, and nuclei
are seen more often in sections through the cuboidal cell
layer (Figure 8).

The only cells of the perivisceral epi-

dermis which differ significantly in morphology from those
described above are the cells which attach the larval
retractor muscles to the larval shell.

These cells, with

their specialized supportive organelles, are described fully
in Chapter III.
The epidermis of the foot and portions of the lateral
surfaces of the head is quite different from the perivisceral
epidermis.

Head and foot epidermis is composed of large

columnar cells (12 to 15 pm thick) interspersed with at least
two morphologically distinct types of epidermal mucous glands.
The columnar cells have basal nuclei and in the apical
cytoplasm are found large vacuoles, each of which contains a
peculiar dumbbell-shaped inclusion (Figure 4).

These unique

vacuoles, of which there are several per cell, are roughly
oblong in shape with average axes of 3.0 X 1.125 urn, although
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Figure 39.

Electron micrograph of the perivisceral

epidermis in a stage B larva of P. sibogae.
intestine;
epidermis.

n., nucleus;

int.,

p-v.ep., perivisceral
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shapes ranging from biconcave to spherical are regularly
seen.

Most dumbbell-shaped inclusions are oriented

with the long axis tending toward perpendicular to the
cell surface.

The columnar cells otherwise have a highly

vesiculated cytoplasm with abundant mitochondria, sparse
Golgi apparatus and endoplasmic reticulum, and an occasional
large yolk platelet.

The apical surface of this cell type

is covered with microvilli, and on the ventral face of the
foot, with cilia;

much of the lateral surface of the foot

is unciliated (Figures 4, 19).

The basal lamina of the

foot epithelium is quite dense and can be clearly discerned
with the light microscope.

Longitudinal, circular, and

oblique muscle fibers of the cephalopedal muscle complex
insert on the basal lamina.
Within an hour of loss of the larval shell at metamorphosis, definitive adult epidermis is present over almost
the entire body of the postlarva.

This epidermis has all

the characteristics of those cells originally seen on sides
of the larval foot, except that these cells are thinner
(3 to 4 pm) on the dorsal and lateral surfaces of the body,
and the vacuoles with dumbbell-shaped inclusions are now
oriented with their long axes parallel to the body surface
(Figure 40).

Most of this epidermis on the lateral and

dorsal body surfaces is unciliated, although occasional
patches or bands are present.

On the left postero-lateral
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Figure 40.

Electron micrograph of the dorso-lateral

epidermis in a stage F postlarva of

~.

sibogae

showing the vacuoles previously seen only in epidermal
cells of the larval foot.
inclusions;
muscle.

incl., dumbbell-shaped

mig.ep., migrating epidermis;

mus.,

....
~.

!
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surface of the body there is a clump of tissue, seen
clearly from a dorsal view (Figure 14).

Sections through

this clump of tissue (Figure 41) show it to be composed of
cells which have the same morphological characteristics as
those originally seen in the perivisceral epidermis and
mantle fold;

these characteristics include diffuse,

vacuolated cytoplasm and absence of abundant cell organelles.
This aggregation of cells is rather disorganized, as shown
by the buckling of membranes between cells.

Within another

18 to 24 hours, the postlarva loses this clump of cells
(whether by rejection or resorption is not known) and is
entirely covered with definitive epidermis that is almost
indistinguishable, except in ciliation, from the pedal
epidermis.
The two possible origins of definitive adult epidermis
are the transformation of existing pallial tissues, or the
enclosure of the visceral mass of epipodial tissue migration
over the lateral and dorsal sides of the body.

The morpho-

logical similarities of the epidermis of the entire postlarval body to that of the larval foot make it clear that
the latter mode is the most likely one.

If perivisceral

epidermis was indeed transformed, it would require de novo
synthesis, within one hour, of the many large, inclusioncontaining vacuoles, as well as other organelles such as
mitochondria and cilia, seen in epidermal cells of newly
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Figure 41.

Sections through a stage F postlarva of P.

sibogae showing the remnant cells of the larval
perivisceral epidermis.

A. Light micrograph;

B. Electron micrograph of the area outlined in A.
mig.ep., migrating epidermis;
v.h., visceral hump.

rem., remnant cells;

A

v.h.

mig.ep.

B
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metamorphosed postlarvae.

Also, this mode of formation

would not explain the origin of the aggregation of cells
on the left postero-lateral side of the early postlarval
body.

Since the definitive epidermal cell type is already

present in the larval foot, it is reasonable to conclude
that these cells migrate to enclose the entire body.
Sections through the early postlarva.which show the large
vacuoles oriented parallel to the body surface support
the concept that the epidermal layer is moving relative
to the internal organs in the process of enclosure.
This concept also explains the nature of the posteriorly
situated clump of tissue which resembles morphologically
the cells of the larval perivisceral epidermis.

During

the process of epipodial enclosure of the body, those
cells have been pushed into a mass at the terminal point
of migration.
It is clear that the definitive epidermis of Phestilla
sibogae is epipodial in origin, but the question which
requires investigation is how the rapid migration of
definitive epidermis about the visceral hump takes place.
The entire process of metamorphosis in P. sibogae is
presented in Chapter I, but a closer examination here of
metamorphic changes during epidermal migration will aid in
elucidating the mechanisms of that migration.
Epidermal migration is closely associated with loss of
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the larval shell;

both processes beginning with the loss

of the attachment of the larval retractor muscles to the
larval shell.

Subsequently, a series of visceral movements

and changes in body shape take place which are diagrammed
in Figures 1 and 42.

When attachment to the shell is lost,

the viscera round up inside the shell, but cannot exit
immediately from the shell since the visceral diameter is
~arger

than that of the shell aperture.

At this stage,

the foot of the larva is firmly anchored to the substratum,
presumably by secretions of the propodial and metapodial
mucous glands.

The visceral organs are not rigidly fixed

within the body, but are loosly held in position so that they
are able to slide with relative freedom beneath the overlying epidermis.

This freedom of visceral movement allows

the organs to then squeeze through the narrow shell aperture
so that the visceral and cephalopedal elements merge into
a single mass.

The shell, no longer surrounding the

viscera, simply drops away.

Attachment between the oper-

culum and larval retractor muscle is lost at about the
same time as the shell-retractor muscle attachment, and
when the shell is cast the operculum is generally lost
simultaneously.

uniting the visceral and cephalopedal

masses flattens the body;

this is accompanied by a slight

elongation of the foot, a process which becomes increasingly
pronounced with further growth and development.

Examina-
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Figure 42.

Diagrammatic representation of the change

in shape and the extent of definitive epidermal
covering during metamorphosis of
A. Stage C;
D. Stage E.

B. Early stage D;

~.

sibogae.

C. Late STage D;

l.r.m., left retractor muscle;

op.r.m., opercular retractor muscle;
retractor muscle;

s., shell.

r.r.m., right

A

8

~-+--

-

op.r.m.

v

D

r. r. m.
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tion of the epidermis at this stage shows that definitive epidermis covers one-half to two-thirds of the body,
as represented by the stippled surface in Figure 42, d.
The back of the foot, or metapodium, which was previously
covered by the operculum, is now covered with definitive
epidermis.

From the original point of shell and operculum

articulation, the epidermis spreads upward over the hump,
while laterally it migrates dorsally and posteriorly.
The arrows from the leading edge of the epidermis in
Figure 42 show the direction and extent of travel that
this tissue must cover as it encloses the body.

In the

hour or so during which enclosure occurs, the visceral
mass continues to flatten and the body becomes more
smoothly rounded.

The reorientation of visceral organs

toward their eventual adult position is reported in
Chapter I.
with the above topographical changes to account for,
three mechanisms can be proposed which could cause the
spread of definitive epidermis seen at metamorphosis:
(1) cellular proliferation;

(2) active cell migration

via an intracellular contractile system;

or (3) passive

movement of the tissues by forces generated outside the
tissues, such as muscular action.

These possible

mechanisms are individually considered below.
Cellular proliferation.

No mitotic fi.gures were
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ever detected in metamorphosing larvae;

however to further

test the possible role of cell division in epidermal
migration, several groups of

~.

sibogae larvae were

stimulated to metamorphose in the presence of a mitotic
inhibitor, colchicine.
are shown in Table I.

The results of these experiments
Larvae were able to metamorphose

and undergo epidermal migration in the presence of even
the highest concentration used (0.1%), although further
postmetamorphic development was arrested.

Assuming that

postmetamorphic growth is dependent on cell division, the
fact that the metamorphosed larvae do not elongate in 0.01%
or 0.1% colchicine suggests that cell division was blocked.
Active cellular motility.

Ultrastructural exami-

nation of metamorphosing Phestilla sibogae larvae
revealed no organized system of contractile microfilaments
either in the thin perivisceral epidermis or in the vacuolated epidermis of the foot.

As a second check for the

possible role of active cellular motility, cytochalasin B,
a fungal metabolite which has been shown to reversibly
inhibit cellular contractility (Carter, 1967), apparently
by disrupting microfilaments (Wessels, et al., 1971), was
added to cultures in which

~.

sibogae larvae were then

induced to metamorphose.

Initial experiments resulted

in very low rates of metamorphosis, thus, subsequent
experiments were conducted with larvae which had begun
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TABLE 1.

Treatment of Competent *Larvae with Colchicine

Colchicine Cone.

Percent Metamorphosis**
Colchicine alone
Colchicine with coral

0.001%

+ (75%)

0.01%

+ (60%)

0.1%

+ (15%)

Controls
Percent metamorphosis**
MPF-SW
MPF-SW with coral

+ ( 90%)

*All experiments run with 100 larvae per bowl
**Approximate percentages only

+

= Metamorphose

normally

- = Do not metamorphose

166

metamorphosis (noted by loss of the velum) in normal
sea water and were then rapidly transferred to appropriate concentrations of cytochalasin B in sea water.
Concentrations of cytochalasin B ranged from 0.1 to
10.0

~g/ml;

the results are shown in Table II.

For

reasons presented in the discussion, concentrations of
1.0

~g/ml

were considered effective dosages for dis-

rupting contractility.

The fact that 85% of the

larvae of P. sibogae were able to complete metamorphosis
at this concentration seemingly rules out a microfilamentcontractile system as being the active force in epidermal
migration.
Migration motivated by forces outside the epidermis.
The third and most plausible mechanism proposed for epidermal migration is based on a duality of muscular movement of epidermal tissues and a shift in internal organs
relative to the position of epipodial epithelium.

A

close examination of placement of muscle bundles and fibers
during exit from the shell and spread of definitive epidermis will aid in clearly understanding this process.
As noted in Chapter I, two systems can be seen as constituting the larval musculature.

The first consists of

the large left and right larval retractor muscles which
insert on the shell posteriorly and on the cephalic and
pedal tissues anteriorly (Figure 12).

These muscles are
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Treatment of Competent and Metamorphosing
Larvae with Cytochalasin B (CCB).**

TABLE II.

Competent Larvae )100 larvae/bowl)
CCB Conc.
0.1
0.5
1.0
10.0

CCB alone

CCB with coral
+* (40%)
+* (10%)

ug/ml
ug/ml
ug/ml
ug/ml

- die within 24 hrs.

Controls in MPF-SW
DMSO conc.

DMSO alone

0
0.01%
0.1%
1. 0%

with coral

+ ( 90%)
+ ( 90%)
+ ( 90%)
+ (90%)

n.a.

Metamorphosing Larvae (20 larvae/bowl)
CCB conc.
0
0.1 ug/ml
1.0 ug/ml
10.0 ug/ml

Metamorphosis
+
+
+
+*

(100%)
(95%)
(85%)
( 5%)

Controls in MPF-SW
DMSO conc.

Metamorphosis

0.01%
0.1%
1. 0%

+ ( 90%)
+ ( 90%)
+ (90%)

- = no metamorphosis
+ = normal metamorphosis
+*= abnormal metamorphosis, but complete epidermal
migration
n.a. = not applicable
** ALL PERCENTAGES APPROXIMATE ONLY
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used primarily to retract the body into the shell during
larval life.

The second part of the larval musculature

consists of a more diffuse, subepidermal muscle system
which has longitudinal, circular, and oblique fibers
throughout the larval body.

These muscle fibers are

seen predominantly in the cephalic and pedal regions and
have been referred to by Thompson (1958) as the cephalopedal muscle complex, although in Phestilla sibogae a few
fibers are present subepidermally in the visceral region
as well.

Unfortunately, it is quite difficult to see

any of these muscle fibers in the living larvae, due in
part to the opacity of yolk-rich larval tissues, and, in
part to the small size (less than 5

~

in diameter, and

often less than 1 pm) of the individual fibers.

Con-

sequently, most of the placement and suggested function of
muscle bundles and fibers reported here is extrapolated
from viewing these muscles in sections with light, and to
a great extent, electron microscopy.

Figure 43, a, is a

tangential section through the upper part of the larval
foot showing the extensive subepidermal fibers present
there.

These fibers are not part of the left larval

retractor, but are individual muscle fibers which insert
on the basal lamina of pedal and cephalic epidermis.
Some of the fibers, as seen here, insert on the squamous
epidermal cells which underlie the operculum.

These
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muscle fibers lie in diverse orientations and undoubtedly
effect the complex movements of which the foot is capable.
In parasagittal sections of larvae, a few muscle fibers
are seen passing over the shell lip and into the ventral
portions of the visceral mass (Figure 43, b);

these few

fibers attach to the thin perivisceral epidermis in this
region, to the anterior regions of the digestive diverticula, and probably to the stomach as well.

The left

digestive diverticulum is also attached to the right
larval retractor which passes just above it (Figure 44,
a, b).

Migration of definitive epidermis actually occurs
in two parts;

the first, closely associated with exit

from the shell, is brought about primarily by contraction
of the left and right larval retractor muscles, while
the second, consisting of the enclosure of the visceral
hump by epipodial tissue, is effected by the subepidermal
muscle fibers.

Figure 42 diagrammatically represents the

changing position of muscles, epidermal tissues, shell,
and operculum during epidermal migration.

When muscle

attachment to the shell is lost, contraction of the left
and right larval retractor muscles pulls the viscera
against the inner margin of the shell aperture.

The

foot must be well anchored on a substratum at this time or
exit from the shell cannot occur.

Figure 45 shows a
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Figure 43.

Electron micrographs of a stage B larva of

P. sibogae showing subepidermal muscle fibers.
A. Tangential section through the larval foot;
B. Tangential section through the larval foot and
viscera just above the point of shell-operculum
articulation.
operculum;

ep.c., epidermal cells;

op.,

s-ep.f., subepidermal muscle fibers;

vis., viscera.

IOJJ
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Figure 44.

Electron micrographs of a stage B larva of

P. sibogae showing the attachment between the left
larval retractor muscle and the left digestive diverticulum.

A. Cross section through the retractor

muscle and the diverticulum;

B. Enlargement of the

attachment between the retractor muscle and the
diverticulum.

d.d., digestive diverticulum;

fl., mantle cavity floor;
muscle.

m.f., mantle fold;

m.c.
mus.,

A

mf
•

D

.

._~
.

'0--:,
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Figure 45.

Light micrograph of a stage D

~.

sibogae

being held on its side between slide and coverglass.
Note the arced shape

~f

the foot, suggesting con-

traction of the retractor muscles inserting on pedal
tissues.
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larva which is being held on its side at this stage and the
arced shape of the foot graphically demonstrates contraction
of at least the left retractor muscle.

With the foot well

anchored, contraction of the retractor muscles, as well as
those few subepidermal fibers which extend from the foot to
the viscera, pulls the visceral organs out of the constricting shell.

Simultaneously, contraction of the oper-

cular retractor pulls definitive epidermis from the
posterior tip of the foot to cover the back of the metapodium which is now freed from the operculum (Figure 46).
The squamous cells on which this muscle inserts are pulled
into the larval body at the point of original shelloperculum articulation.
When the visceral hump is pulled into the shell
aperture, it presses against the apertural rim on all sides.
Observations of metamorphosing larvae vitally stained with
neutral red indicate that the epidermis is pinched against
the shell rim as the visceral organs are pulled through
the aperture and that the constricture holds the epidermis
stationary while the viscera move relative to it.

The

apparent movement of viscera relative to overlying epidermis is represented diagramatically in Figure 47.

The

basal surface of the columnar epidermis is scalloped, as
seen in a section through the larval foot (Figure 3),
giving the impression that the cells are tightly packed,
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Figure 46.

Electron micrograph of sagittal section

through a stage D
operculum.

~

sibogae which has lost the

Contraction of the opercular retractor

muscle has pulled definitive epidermis up toward
the original site of shell-operculum articulation.
mig.ep., migrating epidermis;

la.k., larval kidney;

op.ep., epidermal cells originally attached to the
operculum;

op.r.m., opercular retractor muscle.
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Figure 47.

Diagrammatic representation of visceral

movement through the shell aperture at metamorphosis
in

~.

sibogae.

A. The dark line shows the plane of

sections represented by the following figures;
B. Stage C;

C. Early stage D;

E. Stage E.

ft. foot;

D. Late stage D;

s., shell;

v.m., visceral mass.

Arrows show the direction of muscular force on the
visceral mass.

The asterisks are markers which

indicate the positional shift of perivisceral epidermis
in relation to the visceral mass.

A

c
v.m.

ft.

o
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or compressed, together.

Loss of the constricting

operculum and shell may result in a loss of compression
on this columnar epidermis, so that the cells become
more cuboidal as the interior of the foot expands to
accept the visceral organs being pulled into it.

I

believe that combination of friction at the shell mouth
and expansion of previously compressed epipodial epidermis
both aid the initial encroachment of definitive epidermis
over the body as the viscera emerge from the shell.
For the next hour following emergence from the shell
the body continues to flatten somewhat as the visceral
organs assume a more ventral position.

During this hour

the contracted larval retractor muscles become increasingly
disorganized by autolysis (Figure 46).
The subepidermal muscle fibers which in the larva
were situated in the cephalopedal region still underlie
the same epidermis, but that epidermis has now assumed a
more lateral position in relation to the visceral organs.
The subepidermal fibers retain diverse orientations so that
logitudinal, circular, and oblique bands exist.

It

appears that contraction of oblique bands, as shown in
Figure 42, d, causes the drawing up of epipodial epidermis
over the lateral sides, while posteriorly, oblique,
circular muscle fibers begin to act as a contractile ring
to pull the epidermis around the visceral hump.

Finally,
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vacuolated epidermis encloses the entire body except for
the constricted agregation of remnant cells which remains
at the terminal point of enclosure.

The action of the

subepidermal muscles is not rapid, since fast contration
would result in the central area of a muscle fiber cutting
down into the viscera rather than causing the epidermis to
slide in the plane of contraction.

Tangential sections

through the left side of a metamorphosing larva fixed near
the end of epidermal migration show the presence of longitudinal and oblique fibers (Figure 48).

Electron micro-

graphs of cross-sections through this area show the small
muscle fibers which lie under the migrating epidermis and
insert on the basal lamina (Figure 49, a, b).

Occasion-

ally, connections are seen in which the basal lamina is
distorted at the point of muscle fiber insertion, suggesting
that force is being applied by that fiber (Figure 50).
It is possible that this distortion may be the result of
contraction effects due to fixation;

however, the exerted

force seen here is in a postero-dorsal direction, as would
be predicted if muscular action is involved.
The attachment of epidermal cells to basal lamina
changes appreciably during metamorphosis.

In the larval

foot the basal lamina of the pedal columnar epidermis is
quite dense and closely associated with cell membranes
(Figure 4).

During epidermal migration, however, the
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Figure 48.

Light micrographs of sections through a

stage F postlarva of P. sibogae, showing the
sUbepidermal muscle fibers present.
tangential section;
microns medial to A.
posterior;

A. Glancing

B. Tangential section several
ant., anterior;

post.,

s-ep.f., subepidermal muscle fibers.

A

ant.

post.

s-ep. f.

B

•

s-e p.f.
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Figure 49.

Electron micrographs of subepidermal muscle

fibers beneath the migrating epidermis in a stage E
P. sibogae.

A. Cross section of muscle fibers;

B. Longitudinal section of a muscle fiber.
migrating epidermis;
fiber.

mig.ep.,

s-ep.f., subepidermal muscle

I
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"f

.
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mig.ep.

/"s-ep.f.
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Figure 50.

Electron micrograph showing the attachment

of a subepidermal muscle fiber to the basal lamina
of migrating epidermis in a stage E
b.l., basal lamina;

~.

sibogae.

mig.ep., migrating epidermis;

s-ep.f., subepidermal muscle fiber.

:".

0.
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basal lamina underlying the migrating epipodial cells
is much thinner and the attachment much more diffuse
(Figure 49, a, b).

Presumably, the cells remain attached

to the basal lamina and both migrate together, but the
reason for the apparently reduced adhesion between cell
membrane and basal lamina is not known.

Posteriorly,

the basal lamina which was originally beneath the perivisceral epidermis is highly convoluted (Figures 40, 51);
apparently as cells of the larval perivisceral epidermis
accumulate in a pile they lose their attachment to the
underlying basal lamina.
The final enclosure of the postlarval body at the
site of the postero-lateral aggregation of remnant cells
takes place over the 18 to 24 hours following emergence
from the shell.

Although the fate of the remnant cells

is not known, proliferation of epipodial cells now in
this area is probably responsible for final enclosure.
The proposed role of muscular action in exit from
the shell and migration of epipodial epidermis was tested
by using several pharmacological agents that may effect
muscular paralysis.
employed:

Three classes of drugs were

(1) neuromuscular blocks such as tubocurarin

chloride (curare), procaine hydrochloride, hexamethonium
chloride, and succinylcholine chloride;

(2) relaxing

agents which apparently affect ionic balance, such as
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Figure 51.

Electron micrograph showing the convoluted,

detached basal lamina beneath remnants of the larval
perivisceral epidermis in a stage F postlarva of P.
sibogae.

b.l., basal lamina;

rem., remnant cells.

·t.,

C'".
~

. :.....
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magnesium chloride and lanthanum chloride, and (3)
anesthetics such as chlorobutanol (chloretone) whose
pharmacological action is uncertain (Goodman and Gilman,
1965).

Muscular activity was considered blocked when

animals no longer contracted in response to sharp taps
on the culture vessel or to prodding with a fine needle.
Appropriate concentrations of the various drugs were
determined by preliminary tests over a

wi~e

range, and

final experiments were conducted at concentrations around
those at which paralysis had been seen.

The results

are presented in Table III.
Different drugs varied considerably in degree of paralysis and in length of time necessary to promote paralysis.
Chlorobutanol effectively blocked both muscular action and
metamorphosis at any stage within 5 to 10 minutes, whereas
tubucurarin chloride was progressive, requiring several
hours before producing partial paralysis.

Procaine

hydrochloride appeared to produce an all-or-nothing effect.
In concentrations of 0.01% procaine, larvae were seen to
metamorphose normally, whereas at concentrations above
0.05%, virtually all animals were quickly paralyzed in a
contracted state and died within 24 hours.

When concen-

trations of succinylcholine of tubocurarin were adjusted
so as to cause rapid paralysis, animals were invariably
paralyzed in a contracted or semicontracted state, and

TABLE III.

Treatment of Competent and Metamorphosing Larvae with Muscular Relaxants and Paralytics.**

DRUG

Cone.

Drug Alone

0.1 mg/ml

.,.

Curare

Drug with
Coral

Degree of
Paralysis

Remarks

+ ( 85%)

none

normal metamorphosis.

+*( 75%)

partial

slightly abnormal after metamorphosis,
but covered with definitive epidermis.

total,
contracted

all die within 24 hours.

slight

all die in 24-48 hours.

0.1%

total,
contracted

50% die within 5 hours.

1.0%

total,
contracted

all die within 8 hours.

+ ( 90%)

none

normal metamorphosis.

1.0 mg/ml
10.0 mg/ml

Procaine
Hydrochloride
0.01%

+*( 40%)

Succinylcholine
Chloride
0.01%
0.1%

+(2-42%)

+ ( 60%)

slight

normal metamorphosis, a few larvae die.

0.5%

+(22%)

n.a.

slight

develop abnormally after metamorphosis.

total,
contracted

die within 24 hours.

1.0%

I-'
\.D
W

TABLE III - Continued
The following were "pulsed" in 1.0% succinylcholine for times shown:
25 min.

+ (18%)

n.a.

contracted during
treatment

recover to normal appearance

60 min.

+ (10%)

n.a.

contracted during
treatment

recover to normal appearance

Hexamethonium
Chloride
0.01%

+ ( 90%)

none

normal metamorphosis

0.01%

+ ( 85%)

none

normal metamorphosis

1.0%

+ ( 60%)

none-slight

some nonmetamorphosing
larvae lost attachment to
the shell

Chlorobutanol (Ch1oretone)
Saturated in distilled water, diluted 1:3 with MPF-SW (Approx. 0.24%, according to
\

Cavanaugh, 1956).
1.

Effectively stops metamorphosis at any stage within 5-10 minutes.

2.

Reversible effects if larvae removed within 30 min.

Paralysis total.

I-'
1.0
tl::-

TABLE III - Continued

Magnesium
Chloride
7.5% in tap water (= isotonic with sea water)

1.

If larvae are added directly to this solution, rapid paralysis occurs in semicontracted state.

2.

If solution slowly added to sea water containing larvae, paralysis requires 30-60 min.

3.

Disruption of cells often seen;

velar cilia, with and without intact cells seen in

bottom of culture vessels.

4.

Paralysis at any stage halts further metamorphosis.

no metamorphosis
normal metamorphosis
See remarks.
+*= abnormal metamorphosis or other effects.
n.a. = not applicable or experiment not attempted

+

=

**ALL PERCENTAGES APPROXIMATE

.....

1.0
U1
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death followed within 4 to 24 hours.

At these con-

centrations animals could not be revived.

Only with

chlorobutanol could rapid paralysis be reversed and metamorphosis subsequently be completed.
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DISCUSSION

Derivation of the dorsal integument from the cells of
the mantle, as has been shown for several nudibranch species,
does not occur in Phestilla sibogae or, perhaps, in other
nudibranchs which manifest Tardy's (1970) Type-Two development.

In briefly describing metamorphosis of five nudi-

branch species which represent Type-Two development, Tardy
(1970, pp. 339-340) notes that the mantle and "bourrelet
palleal" are involved in forming the larval shell and do not
evert to cover the visceral hump.
that elements of the "bourrelet

He suggests, however,

pall~al"

slide across the

floor of the mantle cavity where they multiply and thus
form the definitive epidermis.

One of his figures (15, a,

pg. 340) shows what he considers to be definitive epidermis
covering the mantle cavity floor prior to metamorphosis.
This figure, a parasagittal section of a larva of Tenellia
ventilabrum, is almost identical to a similar section
through a Phestilla sibogae larva (Figure 38, a), but as
shown in the present study, none of the pallial elements
contribute to the definitive epidermis in

~.

sibogae.

Cells of the mantle cavity floor are not sufficiently
thick or extensive to produce the definitive epidermis in
as short a time as occurs in

~.

sibogae, nor are these

cells morphologically similar to the definitive epidermal
cells.

A reexamination with the electron microscope of

the five species observed by Tardy would establish whether
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the adult epidermis is a derivative of the epithelial
floor of the mantle cavity or is, as in P. sibogae, derived
from the lateral surfaces of the foot.
Of particular interest to the question of pallial
versus epipodial origin of epidermis of the dorsal body is
the work of Herdman and Clubb (1891) on innervation of the
nudibranch dorsum.

Their investigation revealed that

nerves from the pleural ganglia innervated papillae on the
dorsal body surface of two tritonid and two dorid species,
whereas in Eolis, the single aeolid they studied, nerves
from the pedal ganglia were found to innervate the cerata.
The authors suggested that these results reflected the epipodial nature of the dorsal surface of Eolis, and the
pallial nature of the tritonid and dorid dorsum.

Later

work by Russell (1929) on Aeolidia papillosa revealed that
the cerata of this aeolid were innervated by nerves from
the pleural ganglion.

Unfortunately, the origin of adult

dorsal epidermis has not been described for Aeolidia
papillosa, but on the basis of the pleural innervation,
it is interesting to speculate that, like Aeolidiella alderi
(Tardy, 1970), the dorsal epidermis would have a pallial
origin.
Cell proliferation is the mechanism by which most of
the epidermal migration in other species is reported to
occur.

The cells in the "bourrelet

pall~al"

of Aeolidiella
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alderi, as a result of localized cell division, spread
posteriorly over the viscera as the shell is lost Tardy,
1970).

Tardy describes this spreading, or unrolling

(deferle), of cells as rapid, although by his account it
takes two days.

Further cellular proliferation then

completely encloses the body.

Muscles are not implicated

in this migration, although Tardy suggests that the larval
retractor muscle pulls the visceral elements toward the
foot to aid flattening of the body as elongation begins.
Apparently, the epidermal migration seen in Phestilla
sibogae is not produced by cell division, as shown by the
experiments with colchicine.

The highest concentrations

of the drug used in this study, 0.1%, is a very high dosage,
on the order of that used to disrupt microtubules in
organisms which have cuticles that greatly restrict permeavility, such as in the heliozoan Actinosphaerium
nucleophilum (Tilney, 1968).

Larvae of Phestilla sibogae

have no apparent restrictions to permeability, yet were
able to complete epidermal migration even at that high
dosage.

The fact that further postlarval growth and

elongation in 0.1% or 0.01% conchicine did not occur indicates that cell division had indeed been halted.
Active Cellular motility or contractility has been
shown in many systems to be related to an intracellular,
contractile, microfilamental system, such as has been
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visualized in widely divergent phenomena (amoeboid movement,
Komnic~

Stockem, and Wolfarth-Botterman, 1970;

cleavage, Schroeder, 1972;
Cloney, 1972;
1971).

sea urchin

ascidian tadpole tail resorption,

and other systems reviewed by Wessels, et al.,

Cytochalasin B concentrations of 0.25 to 0.50 pg/ml

have been reported to rapidly block sea urchin cleavage
(Schroeder, 1972) and tail resorption of ascidian tadpoles
(Cloney, 1972).

Concentrations of 10 ug-/ml of the drug

have been shown to cause toxic effects in mouse L-cells
(Carter, 1967), several fibroblast and epithelial cell lines
(Estensen, 1971), Xenopus laevis eggs (Estensen, Rosenberg,
and Sheridan, 1971) and ascidian tadpoles (Cloney, 1972).
Together, these results suggest that concentrations of
1.0 ug/ml should be completely effective in blocking cell
migration mediated by an intracellular contractile system.
The fact that 85% of the Phestilla sibogae larvae in this
concentration of cytochalasin B successfully metamorphose
indicates that no intracellular contractile system is
involved in this process.

Of peripheral interest is the

apparent ability of cytochalasin B to block the induction
of metamorphosis, even at low concentrations.

Since

cytochalasin B has recently been shown to effect transport
of glucose and glucosamine across membranes of cultured
cells, apparently by simple competition (Estensen and Plagmann, 1972), it may in some similar way affect the induction
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stimulus in P. sibogae.
Thompson (1958, 1962) notes that during the obligatory
swimming phase in Adalaria proxima and Tritonia hornbergi,
muscular elements develop in the thickened mantle and run
from it down into the foot on both sides of the body.
He does not state whether these muscles ever function
in the spread of the mantle over the body to form definitive epidermis.
It appears that for Phestilla sibogae the processes
of exit from the shell and migration of definitive
epidermis are based almost entirely on muscular action,
initially with the aid of the left and right larval
retractors, then finally by action of the subepidermal
muscle fibers.

Attempts to experimentally block muscle

action indicate that when contractility is blocked, exit
from the shell and epidermal migration are also blocked.
Because the total effect which these drugs have on invertebrates is not known; a rigorous interpretation of these
results is not possible.

The neuromuscular blocks used

here are known, from their action in mammalian physiology,
to compete with acetylcholine or to block its release at
neuromuscular junctions (Goodman and Gilman, 1965), but
one must be careful in extrapolating to invertebrate
tissues.

Beeman (1968), investigating anesthetics for

opisthobranchs, found that curare had very little effect
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on adult Aplysia californica, while succinylcholine, with
a similar pharmacology (Goodman and Gilman, 1965), rapidly
and effectively caused paralysis.

until the discrepancies

in results produced by these reportedly similar drugs can
be explained, interpretation of those results must be with
due caution.

The fact that these drugs reduced the rate

of metamorphic induction suggests there are hidden side
effects for which we cannot account.
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CHAPTER V.

GENERAL CONSIDERATIONS
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Programmed Destruction of Larval Tissues
The tissue transformations occasioned by metamorphosis in Phestilla sibogae exemplify the concept of
selective cell death as a necessary requisite for further
development.

In his review of programmed embryonic. cell

death, Saunders (1966, p. 604) notes three major types of
cell death important to developmental processes:
genetic death, associated with

II • • •

(1) Phylo-

eliminating organs and

tissues that are useful only during embryonic or larval life
or that are but phylogenetic vestiges ll ;
death,

as exemplified by the histogenesis and remodel-

II

ing of cartilage and bone.
as in

II • • •

anlagen.

(2) Histogenetic

lI
;

and (3) Morphogenetic death,

the formation of folds and the confluence of

II

For Phestilla sibogae the immediate effect of metamorphosis is one of

II

phylogenetic cell death", seen in the

elimination of the velum, larval musculature, shell, operculum, and perivisceral epidermis.

These structures are

useful only to the larval form, and must be eliminated to
fully release the progressive morphogenesis of adult form.
A striking feature of the metamorphosis described here is
the constancy of the order in which individual events occur.
The duration of each stage of metamorphosis is somewhat
flexible, but for normal metamorphosis to occur, the events
always follow the same order.

Dissolution and loss of

velar tissues invariably precedes loss of shell-to-larval
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body attachment, and exit from the shell invariably precedes
epidermal migration.

Attempts to experimentally modify

this order were uniformly unsuccessful.

Although these

experiments produced artificial conditions which undoubtedly
had hidden side effects, the circumstantial evidence resulting from them, along with the observation that normal metamorphosis follows a set pattern, strongly suggest that the
individual events of a metamorphosis are interdependent.
For some events this is obvious, i.e., the loss of shellto-larval body attachment must precede exit from the shell,
and loss of the operculum and exit from the shell must precede spreading of foot epidermis over the entire body, but
the relationship between velar loss and subsequent events is
less obvious.

Virtually all reports of nudibranch meta-

morphosis note that loss of the velum, or at least initiation of velar dissolution is one of the first morphological
signs of metamorphosis (Rassmussen, 1944;
1953;

Thompson, 1958, 1962;

Tardy, 1964, 1970).

Vannuci and Hosoe,

Rao and Alagarswamy, 1961;

The relationship between loss of the

velum and further metamorphic events may be a function of
the mechanism by which the velum is lost;
this mechanism is not known.

unfortunately,

The first two morphogenetic

events of metamorphosis, loss of the velum and loss of
shell and opercular attachment, are strikingly similar, as
they both involve a loss of adhesion.

The sites of these
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adhesions are extracellular, though intimately linked
with the plasma membrane.

The loss of adhesiveness

between velar cells must result from dissolution of the
desmosomes and gap junctions (Farquhar and Palade, 1963;
Loewenstein, 1973).

The attachment between epidermis

and shell or operculum is probably by way of an extracellular cement, as suggested for other systems by various
workers (Odland, 1958;

Snell, 1965), and loss of that

attachment may be via the dissolution of that cement.
It is tempting to speculate that in both events a similar
mechanism for loss of attachment is involved;

this would

explain the relationship between events, that is, not that
loss of muscle attachment to the shell is specifically
dependent on previous velar loss, but that both depend on
the same mechanism.

The circumstance weighing against

this hypothesis is the fact that velar loss precedes loss
of shell and operculum attachment by 20 to 60 minutes.
This time lag may, however, simply represent a difference
in rate of dissolution of the structures.
If, as in apparently the case, adhesiveness is
structural, then loss of adhesiveness must be due to
enzymatic dissolution of the structure.

This presumption

led to histochemical examination of larval tissues for the
presence of lysosomes, since lysosomal activity has been
implicated in cell death and tissue morphogenesis of many
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developmental systems (Dingle and Fell, 1969).

The results

of these tests were inconclusive, due to abundant nonspecific localization of enzymatic activity;

however, they

suggest that lysosomes are not involved in velar cell dissolution, but may be involved in the loss of shell-to-larval
body attachment.
The action of lysosomes in autolysis of the larval
musculature is more apparent.

The main larval retractor

muscles contain abundant acid phosphatase, and shortly after
metamorphosis these muscles rapidly degenerate.

By

contrast, the complex of sUbepidermal muscle fibers which
will contribute to the adult musculature do not undergo
autolysis.

Saunder's (1966) concept of phylogenetic cell

death clearly applies in this instance, since those tissues
selectively destroyed are of use only to the larva.

As

has been shown in other embryonic systems which evidence
selective cell death, such as tail involution during anuran
tadpole metamorphosis (Weber, 1969) and dissolution of silkworm hatching muscles (Lockshin, 1969), those "fated" cells
must have been preprogrammed to undergo autolysis at the
proper time.

A careful study of the buildup of acid

phosphatase between stages A and B of Phestilla sibogae
development may shed some light on potentiation for metamorphosis in this species.
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Potentiation for Metamorphosis

The question still to be answered is, "What potentiates
a larva for metamorphosis?"

Elucidation of that answer

will probably require extensive endocrinological and biochemical investigation, but several features are always
seen in competent larvae which are not present in earlier
stages.

The two features which are most notable are the

development of the nervous system and the subepidermal
pedal mucous glands.
Since the mechanisms of induction of

metarr~rphosis

and

triggering of subsequent morphogenesis are not known, we
can only speculate on the importance of nervous system
development.

It is a fact that the ganglia are larger and

more concentrated, and peripheral nerve fibers more
extensive, in competent, stage B larvae than in stage A
larvae.

Further research is necessary, both in detailed

examination of nervous system structure and in investigating
the presence and distribution of neurosecretory cells in
order to understand the role which this system may play in
metamorphosis.

A side effect seen in experiments with

succinylcholine chloride on competent larvae (Chapter IV)
suggests that the nervous system does control metamorphosis.
In concentrations of succinylcholine just below that
required for muscular paralysis, low percentages of metamorphosis (2-42%) were artificially induced.

It is

possible that action of this drug on cholinoceptive sites
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in the nervous system of

~.

sibogae larvae initiates the

metamorphic process, either by the initial activation of
these sites or the subsequent blocking of those sites.
Tests with curare and hexamethonium chloride, drugs which,
in mammals, block neuromuscular cholinoceptive sites without
initially activating them (Goodman and Gilman, 1965) did
not produce metamorphosis.

This suggests that the initial

depolarization by succinylcholine may be the functional
"trigger" to metamorphosis.

Of course, it is entirely

possible that succinylcholine acts at an unknown, nonneural
site (sites?) to induce metamorphosis, but in either case
artificial induction provides a useful tool for further
investigations of metamorphic processes.

Unfortunately,

competent larvae of other nudibranch species were not
available to test the possible ubiquity of this artificial
induction.

Further tests with other species are planned.

Maturation of the pedal glands is more easily assigned
a necessary function in potentiation for metamorphosis.
Muscular action is requisite for successful exit from the
larval shell, and in order for muscles to function there
must be a structural anchorage on which they insert.
Once the larval body loses its attachment to the shell, the
only anchorage available for the muscles is on the foot,
and then only if the foot is firmly anchored to the substratum.

The propodial and metapodial mucous glands are
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not developed in newly hatched larvae, and in fact, stage A
larvae are rarely observed to actively crawl about on the
bottom of the culture vessels.

Disappearance of the meta-

podial glands following metamorphosis of

~.

indicates their transitory importance.

Thompson notes

sibogae further

that the pedal glands of Tritonia hombergi also disappear
after metamorphosis (1962), but of even more interest is his
observation (1967a) that metapodial glands do not develop
in nudibranchs with direct development.

Certainly, the

development of pedal mucous glands is not the only prerequisite to metamorphosis in planktonic ve1igers, but
their presence is apparently necessary.
Detorsion
According to Tardy (1970, p. 354) detorsion does not
occur in nudibranchs.

Based on his own studies and ohter

studies on several species of nudibranchs, Tardy claims that
0
all nudibranchs undergo a 180 torsion during development,
and that the slight reversal at metamorphosis of the
original effects of torsion is not true detorsion, but a
superficial reversal due to elongation of the postlarval
body.

His studies show correctly that metamorphosis of

nudibranchs results in the merger cf. visceral and cepha10pedal elements, and he suggests that a 1800 detorsion would
involve not only the viscera, but would cause a helical
twist of the cephalopedal area as well.

Extrapolating
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from adult aeolid anatomy, Tardy suggests that the location
of the anus on the right lateral side of the body and the
exit of the intestine from the dorsal side of the stomach
shows that a true detorsion did not occur.

This view

deviates substantially form Thompson's thesis (1958, 1962)
that torsion in dorid nudibranchs is a result of early,
asymmetrical development, that this torsion does not attain
the full 1800 twist seen in diotocardian prosobranchs, and
that the reversal of torsion, detorsion, occurs at metamorphosis.
My work on Phesti11a sibogae indicates that detorsion
does occur in this species.

Sections through elongating

postlarvae (stage G) show that the intestine exits from
the ventral, posterior wall of the stomach at the junction
of the stomach and right digestive diverticulum, and that
the anus is located on the right postero-Iateral surface
of the body, well behind the visceral organs (Chapter I) .
It is possible that detorsion does take place at metamorphosis in the aeolids which Tardy (1970) studied, but
later growth and development to the adult form results in
a secondary shift of the position of intestinal exit from
the stomach wall.

The right lateral position of the adult

anus can also be explained as a result of posterior1ydirected growth of the body and viscera behind the anus.
Detorsion of P. sibogae is a two part process:

the
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first occurs as a result of casting the shell at metamorphosis;

and the second occurs due to growth and

elongation of the postlarval body.

Migration of the anus

from the anterior limit of the larval mantle cavity to a
postero-lateral position in an early postlarva clearly
shows that detorsion does occur.

Unfortunately, the

expression of torsion is not seen in the nudibranch nervous
system, due to condensation of ganglia during early
development;

therefore, this system cannot be used as an

indicator of torsion or detorsion as it is in many other
gastropods.
A remarkable similarity exists between the process
of torsion in diotocardian gastropods and the reversal of
torsion in Phestilla sibogae.

In diotocardians, torsion

is brought about by an initial rapid muscular contraction,
followed by a slower differential growth process (see
Fretter and Graham, 1962, for review) .
detorsion is produced in the same way:

In~.

sibogae,

first by contraction

of the retractor muscles, which results in casting of the
shell and initial reorientation of visceral elements;
second, by a slower growth process.

and

A further similarity

is the subsequent loss of muscles which produced these
effects, both in

~.

sibogae and in Calliostoma (Crofts,

1955) and presumably in other prosobranchs which have a
single shell muscle as an adult (Fretter and Graham, 1962).
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Thompson (1958) also noted that the process of detorsion in
Adalaria proxima was remarkably similar to torsion in diotocardians;

however, he implicated eversion of the mantle

fold and progressive growth of that tissue as the motive
force for detorsion.

It would be interesting to see if the

larval musculature of Adalaria proxima aids in reflection
of the mantle fold.
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SUMMARY

215
1.

Metamorphosis of Phestilla sibogae is an ordered

sequence of developmental events, both constructive and
destructive, which converts a shelled, pelagic larva into
a shell-less, benthic, elongate juvenile.

This study is

an ultrastructural and experimental investigation of those
events, with special emphasis placed on the morphology and
fate of transitory larval organs during this period.
2.

The velum, shell, operculum, larval retractor

muscles, and part of the larval epidermis are transitory
tissues which are important only to the larva and are lost
or destroyed at metamorphosis.
3.

The paired velar lobes consist of two cell types:

(1) ciliated cells, including large marginal cells bearing
approximately 231 cilia per cell, which function in locomotion and food gathering, and (2) unciliated supportive
cells.

Loss of the velar lobes is the first morphological

sign of metamorphosis.

In~.

sibogae, this involves

selective dissociation and subsequent ingestion of the
ciliated cells;

the remnant pile of supportive cells is

apparently incorporated into cephalic epidermis.

The

mechanism of selective cell dissociation is not known.
Histochemical tests for acid phosphatase, a lysosomal enzyme,
showed only sporadic distribution of enzyme in velar cells,
indicating lysosomes are probably not involved in velar
dissolution.
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4.

The shell and operculum are attached to the larval

body primarily at the sites of larval retractor muscle
insertions.

These attachment zones are characterized by

very thin, modified, epidermal cells which contain "cytoplasmic anchors", unique supportive structures that consist
of paired hemidesmosomes on opposite sides of the cells
connected by bundles of intracellular tonofilaments.

These

organelles appear to be structural braces for the attachment
site;

the actual adhesive force is probably via an extra-

cellular cement.

At metamorphosis, the apical hemidesmo-

somes lose their dense appearance and adhesion between
epidermal cells and shell or operculum is lost.

Acid

phosphatase has been visualized histochemically in mernbranebound vacuoles, apparently lysosomes, in the epidermal
cells, but is also deposited nonspecifically.

It is not

known if lysosomes are involved in the loss of attachment
between shell, operculum, and larval body.
5.

When attachment to the shell is lost, the viscera

are pulled through the constricting shell aperture by the
larval retractor muscles.

The merger of visceral and

cephalopedal elements results in a flattening and elongation
of the postlarval pody and reorientation of internal organs.
This reorientation, along with subsequent growth, reverses
the original effects of torsion.
6.

Concurrent with emergence from the shell, epi-
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dermis from the lateral, unciliated surfaces of the foot
migrates up and back over the visceral hump.

Within an

hour of casting the shell, the postlarval body is
completely covered with definitive adult integument,
except for an aggregation of cells on the left posterolateral aspect of the body.

This pile of cells is the

remnant of the mantle fold and perivisceral epidermis.
Within 18 to 24 hours after loss of the shell, these cells
are lost.

Muscular action is probably responsible for the

rapid migration of epipodial epidermis, since inhibition of
mitosis with colchicine and of intracellular contractility
with cytochalasin B did not prevent migration.
7.

Autolysis of cephalic muscle fibers is seen

shortly after loss of the velum, whic

the large retractor

muscles begin autolysis after the shell has been cast.
Subepidermal muscle fibers of the cephalopedal muscle
complex do not lyse, but contribute to the adult musculature.
8.

Obvious changes wich occur during the obligatory

larval phase include development of pedal mucous glands,
enlargement and condensation of ganglia, and the increasingly noticeable presence of peripheral nerve fibers.
Pedal mucous glands are a prerequisite to metamorphosis,
since the foot is the anchor against which the larval
retractor muscles exert force to pull the visceral organs
out of the shell at metamorphosis.

A certain degree of
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development of the nervous system may be necessary for
either reception of an induction stimulus, triggering of
metamorphosis, or both.

Metamorphosis can be artificially

stimulated with succinylcholine chloride, although the
mechanism by which it acts in P. sibogae is unknown.
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