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‘ ABSTRACT .

A functional dlgestlve ¢ract (esophagus, stomach and 1ntestine) is

formed from the archenteron ‘in Strongylocentrotus purpuratus embryos in

44 hours (15°C). Morphogenetlc events formlng the larval nclude

sphindéter forﬁation, coelom forwatlon, shaping and bend(gzg:i\i;e\gﬁt\\-
The cardiac and pyloric sphihcters flrst appear as constrictions in

4

the archenteron. The sphlncter cells change from cubes to wedges durlng

constrxctlon \The apical ends of the sphincter cells contain an

electron- dense region in Wthh mlcrofllaments can be dlscerned Congtiic-
\
tion of the archenteron was revers1b1y inhibited with cytocha1351n B \\

However, cytocha1a51n B had no effect once the constrlctlons had fully

formed. Neither the electron- dense region nobr the m1crof113ments were F‘\\\

G , /
observed after cytochalasin B treatment. )

The’ coeloms “form from two dlvertlcula that emerge from the tip ef
the archenteron. ”During coelom formation, fllopod;a extend frdﬁ the -
coelomic cells, their: contractlon appears to fac111tate the egression of
the coeloms. The fllOpOdla contain arrays of mlcrofllaments qng coelom
formatien was reversibly 1nh1b1ted_W1th cytochalasin B. -

The number of cells in the develo :;gd?ﬁrva%\?igestivektract increases
‘linearly from 0 "to 100 durlng gastrula{éon and sigmoidally to 425 cells

¢
in the larval gut. Allometrlc cell prollferatlon was e11m1nated as a

A_a

morphogenetic mechanism §haping the stomach by 1nh1b1t1ng cytqk1n651s

with colchicine; treated embryos fogmed normdl guts comprlsed of 150
cells.v Autoradlographs of embryos exposed to H3thym1d1ne during shaplng

of the stomach indicated no regions of enhanced thym1d1ne incorporation.

< iv ’ AN



the anUs;

<
The bending of the larval gut’ into a 'J shape is apparently produced

by the length of the gut doubllng between two fi ed po1nts, the mouth and .

°

The' sequence of morphogenetic events that forms the larval gut was

1nhib1t%d by treatment throughout gastrulat1on with actlnomyc1n D Treat-

‘ment after gastrulatlon did not affect gut morphogene51s Autoradlo-

graphs of embryos treated w1th Haactlnomyc1n D during or after ‘gastrula-

tion 1nd1cated that both stages are equally permeable to actlnomycin D.
3 .
Puromycin arrested development almost immediately.

The archenterons of gastrulae and prlsms of Dendraster excentricus
\

are comprised of one ultrastructural type of relatively unspec1allzed
cell. Thrpughout fo{matlon of the gut the amount of rough endoplasm1c

' retlcuium increases and ‘the number of-yolk vesicles decreases. At the

t1me the early pLuteus begins to secrete dlgestlve enzymes there is a

vmayked 1nésease in the numper of one type of vesicle. In the four-armed

uﬁeus the cells of the esophagus, stomach, and intestine-are somewhat
spec1a112ed although cell functlons are more apparent in the eight-armed

pluteus.
)

The esophagus of the eight-armed pluteus is divided into two regions;
% .
the upper esophagus is compfised of ciliated cells; and the lower esoph-

agus consists of cells that evidently secrete mucus. The esophageal

2 —

Q-

muscles form a network around the esophagus; muscle fibers, are oriented

ciréumferentially around the upper esophagus and longitudinally about the
: \ , :

N

v 1ower‘esophagus. The esophageal muscles contain myofibri)s that have a

combination of smooth and striated characterlstxcs Axons, with’putative'
synapses, are associated'with.cillated cells and muscles in the upper

L

O
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) eSOphagus. The cardiac sphincter is a ring of éross—striated_myoepithe-‘m

. tube for undigested material.

L

-,

N 1

lial Cells separatlng the stomach and esophagus. The stomach epithelium

qohtains two cell types: one typp é@ﬁpently secretes dlgestlve enzymes

and absorbs and stqreﬁi ’n%s f&uh:?ther type apparently phagocytizes, ‘
- A

aéﬁ phlncters are comprised of

KR R
&y A .

myoeplthellum, both are sim 1er than the cardiac sphincter. The intgstine

whole algal cells. Ihé&

o
'

. |
consists of unspeC1allzed cells and probably funct1ons as a conductive

L]
'

¢

At me:amorph051s, “the digestive tract and larvaitepidermis of D.
excentrwcus undergo hlstoly51s. The gut cells dedlfferentlate while the
ep1derma1 cells become necrotlc; After metamorphosis, the(gut cells
phagocytize’ and digest the epldermal cell debris. Séven days after mefa—
morphosis, when the juvenile begins to feed, gut cells have re-associated
and histogenesis of the'adult gpt ‘has begun.' |
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/ f | PREFACE

This dissertation examines various aspects of the

dé?elopment of a single organ system in two species of

echinoids. The investigation has,deal

T v e y with
’ ‘ NI
the structure of the larval digeitiveitr.;‘

embryonic development of form and function, fo the -

transformation of the larval gut into the adult gut.

. . L . e
The relevance of investigating the-digestive tract,

rather than any other larval structure, lies in the

i

str}king natﬁre of its devélopment, which 6ccurs with
' speed ;nd simplicity, and the obvious iﬁpo¥tance”£hé
diézstive tract has ‘to a larva that is ésséntially a,
feediné stage. | |

Théfe is a considerable ambunt of information
"~ available on many £;pects of the early dévelopment‘of
echinoids (see recent reviews by: Horstadius, 19}3;
‘Giudice, 1973; Stearns, 1974; Czihak, 1975). It has
been the inténtion of this rgsearch#jo examine later ‘
aspects of echinoid development, trustiﬁg that appii-
~'éabi1ity may be.found invproviding a better understanding

I

.of the nature of the pluteus larva.
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© MATERIALS AND METHODS o o

1

A. Cu]turé Methods

o
RN
~

S
\

All embryos and plutei were reared from fertilized eggs using the
standarﬁ procedures outlined ByUHinegardngr (1969), Strathmann R. (1?71),ﬁ‘\i‘

L o
and Strathmann M. (1968). Adult Strongylocentrotus purpuratus were

I

af

. collected interti?ally from San Juan‘Island, Washington, or Clallam Bay,i
Waéhington.‘ Adul&(urchinstére also obtained from Pacific Biomarine
Supply, Venice, Céiifornia. Adult Dendraster excentricus Qere*collecteq
intertidally fromyOrcas Ig};nd, Washington.

Spawning wasiindﬁcéd éy intracoelomic injection of 0.55 M KC1.
Embryos devéloped ﬁormally in either Mi11ipore filtered sea-water EMFSW)
or artificial sea-water made from synthetic sea-salts (Ithaﬁ£ Oceaﬁ,
Inc.). Embryonic cultures were maintained at sea téble temperatures at
ériday Harbo£ Laboratoriés (10° to 15°C) or in a Controllednénvironmenﬁ
chamber (15°C) . | ,
ff;f‘ Cultures with a highldeg;ee of synchrohy,ufor experimental purposes,
5;wpre started uSing a moQifiéd igséﬁinatiqn procedurez About 1 ml of a
_dense susp;nsion of freshly spawned.eggs was put ?nto 50 ml of.MFSW.

0.1 ml of f;éshly spawnéd spe}m was diluted in 10 ml of MFSW to obtain

a concenfration of about/A‘x losaéells/ml. 0.1 ml of the‘dilutqd speri
‘'solution was added to the egg suspension, thch was swirled for 10
seconds to facilitate‘fapid mixing.v The gametes were left at this -
éoncentratiod,fof 45 seconds and then diluted with Sab ml of MFSW.
Sea-water was immediately #spiratéd‘from the culture through a 35 um

Nitex mesh. The concentrated suspension of fertilized eggs was then

divided irfito two beakers and 500 ml of MFSW added to each. When the

ro. w
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- embryos hatched from their fertilization membranes and begéﬁ.to swim

(ca. 30 hours), the first‘embryos to rise to the surface were subcultured

and used for experimentation. o : .
Igrval and juvenile stages were cultured in natural sea-water (SW)

at ‘a concentration of about'l larva/ml. Cultures were agitated with

- paddles attached to a 2 RPM electric motor.' Larvae were fed ad 1ibitum

a mixed diet of Phaeodactylum trzcornutum and DunaZzeZZa saltna or

plankton collected from Friday Harbor whlch,had been passed through a

53 um Nitex mesh .-

B. Light M1croscopy

by}
/

Nomarski d1fferent1a1 1nterference contrast m1crographs of live,
unstained specimens'w%fé'made using the techniques outlined by'Allen
et al. (1969). Specimens'were‘immobilized either by ent;apment beneath
a footed coverslip or by treatment for 5 minutes with SW containing
nicotine leached ffom a cigarette filt;r (Strathmann, 1968).

Micrographs of sectioped materiai were made from specimens fixed
and ‘embedded és statéd below for transmission electron ﬁicrdscopy. One
ﬁicrometér se.tions weré cut with glass knive§ and stained with
methylene blue ?nd azuré II”tRichardsén et ai., 1960) .

The events of metamorphosis were photbgraphed on a Zeiss compound

microscope fitted for epi-illumination. Larvae were induced to meta-

morphose in an excavated slide and photqgraphed without ény form of

immobilization.

C. Transmission ETectroh MicroScopy (TEM) ‘ ,
. 4

Several fixation technlques were tried throughout the course of this

study. Good results were repeatably obtalned by initially f1x1ng the

- 2
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tissues for 1 to 2 hours, at room temperature, in a solution containing

2.5% monomeric glutaraldehyde, 0.2 M phosphate buffer (Millonig, 1961),

© ' ,
. and 0.14 M sodium chloride (Cloney and Florey, 1968) . Specimens were

then rinsed in a solution of 0.2 M phosphate buffer and 0.34 M sodium
chloride éCloney'and Florey, 1968). Tissues’were postffixed for 1 to
2 hours, atj;%om'temperatuie, in a solut%on Fontaining 2% osmium
tetroxide and either 1.25% sodium bicarbonate (Cloney and Florey, 1968)
or 0.2 M phosphate buffer (Millonig, 1961). .

An alternative technique, which gave equally good results, began
5. .

with an initial fixation for 15 minutes, at room tempenfture, in a

6% glutaraldehyde solutionm buffered with 0.2 M cacodylate (pH 7.4)

(Fankboner, 1978) .. The gluteraldehyde.solution was diluted from a stock
solution of 25% glntaraldeh}de containing 3% calcium careonate. After

a brief rinse in distilled water, the tissues were post-fixed for 30
minutes, at‘foom‘£emperature, in 2% osmium tetroxdde buffered with

Dorey's solution B (Dorey, 1965). 3,5% potassium chloride was substi-~-

- tuted for the sucrose originally prescribed in the Dorey formula

(Fankboner, 1978) .

°

After fixation, the spec1mens were rlnsed in distilled water and

~

dehydrated in 1ncre351ng concentratlons of ethanol. The tissues were
then transferred through two changes of propylene oxide and 1nf11trated

and embedded in Epon accotfding to the method of Luft (1961). The

: 3
specimens were flat embedded in a thin layer of Epon in disposable metal

weighing pans Individual specimens could be cut from the“resulting“disci
under a d1ssect1ng microscope and mounted with precise orlentatlon on a

&

stub for sectioning.
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Sections were cut on a Porter-Blum MT II ultramicrotome with a
" diamond knife. Ribbons of sections, with silver-grey interference

colours were mounted‘on parlodion-coated copper grids. Sections were

B

stalned in 50% ethanol saturated with uranyl acetate (Watson, 1958), and
lead hydroxide chelated with sodlum citrate (Reynolds, 1963) Sectlons

were observed and photographed on either a Ph111ps EM 201 or EM 300
t

'D.  Scanning Electron Microscopy (SEM)

Specimens were initially fixed as for TEM and post-fixed for 2°
@
hours, at room temperature, in a solution containing 4% osmium tetroxide
: ’ b}
and 2.5% sodium bicarbonate. They were then rinsed in distilled water

and dehydrated with ethanol. Specimens were transferred through -~

increasing concentrations of iso-amyl acetate and critical point dried.,

- . ‘ y ’ - .
Individual larvae were mounted on metal stubs and some specimens were
fractured to reveal internal detail. The specimens were sputter-coated

with goid_and viewed on a Cambridge Stereoscan SEM.

E. Cytochalasin B Experiments

Embryos wero'cultured in MFSW containing cytochalasin B (CCB) during
sphincter formation or coelomic pouch‘formation. Eggs were ioseminated |
using the procedure for enhanced synchrony outlined above. Measured
volumes of MFSW and embryos were subcultured in five 60 mm x 15 mm glass
petri dishes. A stock solution of 1 mg/ml CCB QAldrlch Blochemlcals) in
dimethyl sulfoxide (DMSO) was prepared, and appropriate volumes of it
‘were added to three of the petri dishes to obtaio final concentrations of
1 ug/ml CCB in 0.1% DMSO, S yg/ml tCB in 0.5% DMSO, and 10 ug/ml in 1%

DMSO. Control cultures containing 1%:DMSO and MFSW were similarly



prepared. Individual émbryos were isolated from these experimenta

cgltures and put into depression slide wet chambers for répeated
tions. All of the experimental cultures, inclhding the wet c
were kept at sea-water temperathres. .
Embryos were returned to MFSW by being hand centrifuged, then rinsed
in MFSW, ana resuspéndéd in MFSW. Embryos from wet chambers were removed

with a pipet and put into a watch glas; containiné 10 to 15 ml of MF§W;4

Observations wése made at frequent intervals and the experimental
and control embryos were sketched and photographed using the techniques
élready described. Embryos to be prepared for TEM were hand centrifuged,

\
resuspended in primary fixative, and processed as outlined above.

.

F. Cell Counting Procedures

Tﬁe ceils of the developing archenteron and gut were counted after
the.dissociation of the e;todermal cells. A modificaFion of the-dissoci-
ation technique reported by McClay et al. (1977) was used. Embryos,
'from'cultureé of enhanced synchrony, were hand centrifuged and suspénded&
for 5 min@tqs, in 1 M glycine with 2 mM EDTA.(eth}lenediaminetetraacetic
acid). The embryos ‘were then concentratef and sﬁépepdea in calcium- and
magnesium-free MFSW. To aid in dissociation of the cells, the.embryos
were gently squirted out of a pasteur pipet against the'bottom of the
centrifuge tube. After hand centrifugation and rinsing in calcium- and
magnesium-free MFSW, a small drop was placed on a glass slide and covere&'
with an un-footed cover slip. )
_ The cells of the ectodermal epithelium were removed leaving the

blastocoelar basal lamina containing the primary mesenchyme cells and the

archenteron (Fig. 1). The gut formed a flattened tube of cells which



could be counted, with consistent repeatability, under a 100* (n.a, =
1.25) planachromatic objective, and Nomarski differential interference
contrast optics.

Averages (Y) and staAdard deviations (s) were calculated from data

obtained from at least 10 specimens of two cultures.

G. Colchicine‘Experiments ¥

Embryos that had completed gastrulation were cultured in MFSW
containing colchicine throughout the formation of the-larval digestive
tract.

Measured volumes of MFSW and embryos, from cultures of enhanced
synchrony, were put into four 60 mm x 15 mm glass petri dishes. A stock
solution of 40 mg/ml colchiciné (Sigma Chemical) i%zhﬁsw was prepared,
and appropriate volum;s of it were added to three of the petri dishes to
obtainvfinél concentrations of 5 x 107> M, 5 X 1074 M, 5x 1003 M
lv“colcﬁécine. The control culture contained only MESW. Individual embryos
were put into depression slide wet chambers for‘repeated observa;ions.
All of the experimentalncultures were kept at sea table temperatures.

The embryos were sketched_agd photographed at the beginning and end
of eacﬁ experiment,'and observations were made at frequent intervals.

Cell counts, as outlined above, were made on 10 embryos from each

petri dish.

(&}

H. Actinomycin D Experiments ¢

Embryos, at various stages throughout the development of the larval

digestive tract, were put into MFSW containing actinomycin D.



A measured volume of MFSW und‘cmbryos were removed from cul tures
of enhanced synchrony and put into two 60 mm x 15 mm glass petri dishes.
A stock solution of 5 mg)ml actinomycin D (Sigma Chemical) was prepufcd,
and an appropriate volume of it added to one of the dishes to obtain a
final concentration of 25 ug/ml. Individual embryos were isolated in
depression slide wet chambers for repcated observations. All of the
experimental cultures were kept at sea table temperatyre (10° to 15°C).

s

Embryos were returned to MFSW after beiﬁ; hand centrifuged and rinsed.

Experimental cultures were prepared with embryos that ranged in
their state of development from the initiation of gastrulation to the
completion of sphincter formation. The exﬁerimcntal embryos were all
kept until the control cultures had reached a feeding stage.

Observations were made at frequent intervals. The experimental and
control embryos were sketched and photographed, using the teghniques

already described. ©

I. Puromycin Experiments

Embryos, at various stages throughout the development of the larval
digestive tract, were put into MFSW éontaining puromycin, A stock solu-
tion of 4 mg/ml puromycin (Sigma Chemical) was used to prepare a final
concentration of 20 ug/ml; otherwise, all the procedures for these
experiments were the same as those for the actinomycéin D experiments

described above.

J. Autoradiography Experiments

The incorporation of a radioactively-labelled nucleotide during
the shaping of the larval digestive tract was analysed autoradiograph-

ically. Embryos, of enhanced synchrony, that were beginning the

.



fqrmation of coelomic pouéhes (48 hours at 15°C) were put into three
60 mm x.15 mm élass pétri dishes. The dishes contained: .
’ 1)4MFSW,'with 250 ﬁg/ml Sfreptomyéin Sulfate (Sigma Chemical),
2) MFSW, with 250lug/m1 Streptomycin'Sulfate and 10 uci/mi ’
H3thymidine, specific activity”6.7 ci/mmole (Ne& England
F Nuclfar), gpd \ |
_ - 3) MFSW, with 250 ug/ml Streptomycin Sulfate and 20 wei/ml
H3thymid}ne,hspecific activity 6.7 ci/mmole (New'England
Nuclear). ‘ © |
The embryos were cuitured throughbut the shapiﬁg of the gut (until 72
hours old)kgnd tﬂéﬁ fixed and broceésed for TEM. |

Sériél sections, 1.0 um thick, were cut with a glass knife and

‘mounted on gelatin subbed, glass slides (Rogers, 1969). The slides were

- dipped in nuclear track emulsion (Kodak NTB 2), dried, and kept at a°c

for a 10-day exposure period. The“emulsion was developed in Kodak

~

Dektol developer, fixed in 30% sodium thiosulfate, and the slides were

washed in distilled water.. The sections were stained with 0,25%

toluidine blue in 0.5% sodium borate (Stell and Lightfoot, 1975). The

" slides were photographed on a Zeiss Uni'versal microscopg fitted for

Koehler critieal illumination.

Embryobs ;ultured without labelled nucleotide (dish 1) served as
chemographic controls. Alsingle slide bearing sections of a labelled
embryo was exposed to white light as a control for latent iﬁage fading.

The permeability of embryos to-actinomycin D both before and after

gastrulation was also examined autoradiographically. Mid-gastrulae,

(36 hours) and post-gastrulae (48 hours) were cultured in media



confaining 12.5 uéi/ﬁl H3actinomycin D, specific actiﬁify 7.9 ci/mmole
(Amersham). After 1 and 4 hours embryos were removed from the radio-

aEtive culture media and fixed aé for TEM.

a

: ) ’ " '4‘!
%Subsequent processing was as is described above except the slides
were dip;gd in Kodak NTB 3 nuclear track emulsion and exposed (4°C). for
65 days. Chemography and latent image fading were controlled with

uhlabelledvembryos and foggéd slides.

ﬁ. Induction of Metamorphdsis

Larvae that had the morphological characteristics of competency
were removed from stock cultures and put into 60 x 15 mm glass petri

\,

dishes that contained MFSW and thé materials to be tested as inducers.
. A .

One dish contained only MFSW and served as a control for handling

procedures. Qbservations were made at frequent intervals with a

dissecting microscbpe, and experiments lasted from 24 hours to several

days.
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MORPHOGENESIS OF THE LARVAL DIGESTIVE TRACT

° INTRODUCTION

o

: : , W S
Morphogenesis is, quite simply, the development of form. In an
embryological contexﬁ it refers. to the fertilized -egg assuming ;he form‘
of the adult. Practically, the study of mérphogenesis deals with
descriptions of the changes iﬁ strﬁéture that occur during the develop-
ment of an organism;

Morphogenetic mechanisms are th¢ physioldgicallprocesses that are
directly responsible for-changes in structure. in embryos these
processes produce chqhges:in\form frincipally by movements of cells and .
tissués. |

Morphogenesis of the larval digestive tract in echinoids is the
transformétion of a tube into a functional, tripartite gut. This aspect
of sea urchin developmént is examined with refereﬁ;e to'morphogeneticv

mechanisms that have been previously identified in animals, and to what

is known of morphogenesis in sea urchins.

“A. Morphogenetic Mechanisms in Animals

o Systematic analysis of development in termsiof morphogenetié
‘mechanisms began at the end of the iaét centufy when His (1874), Roux
(1895), and Rhumbler (1902) stressed the importance of Entwichlungs-
mechanik. Since that time a variety of morphogenetic mecHanism§ have
been hypothesized and investigated. These are Treviewed by Morgan (1927),
Trinkaus (1965, 1967), and Gustafson and Wolpert (1963a, 1967).
Morphogenetic mechanisms cén be broadly classified into five

groups: 1) changes in the form of cell sheets; ii) fusions, detachments,

10



and migrations; iii)_eﬁhanéed cell proliferation; iv) cell death, and

2

v) cell rearrangements. The first’two mechanisms discussed are

e Q

responsible for the majority of morphogenetic events and each has

multifarious-applications. The remaining three mechanisms, although

~

they occur in a variety of animals, have more restricted use.

i)  Changes in the Form of Cell Sheeﬁs b

Folding, evagination, invagination, pallisading, and epiboly are

all morphogenetic processes that are changes in the form of simple

~epithelial layefs. All involve alteratigns in the thickness and curva-

J

ture -of cell sheets. These proiiijfj}have'been implicated in a piethora
of morphogenetic events. |

For ekamplé, the initial stages of gastfulation‘in many animals is
‘an infolding or invagination. The formatipn-of diverticula éxemplifies

outfolding and evagination. The thickening and thinningkof epithelia
. &

.is a phenomenon common to -the development of many animals; the formation~

“of lens placodes>and the thinning and overgrowth (epibolyj of blasto-

" dermal epithelium in amphibians are two examples.

Eﬁmese procésses are unified by the idea that a cell sheet can be
made to thicken, thin, fold, or pocket, by altering the shape of the
‘cells which form the sheet. This idea was originally suggested by

Rhumbler (1902). The mechanism is -reviewed by Morgan (1927), Moore

-(1930) and Trinkaus (1965, 1967).

A flat sheet of cuboidal cells can be made thicker by the cells
becoming columnar in shape; their cross-sectional area and their volume
need not change. Conversely, the sheet may be enlarged by the cells

becoming squamous. Curvature can be produced in the sheet by making the

11
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A . ) .
cells trapezoidal in’outline. Concave and convex curves can be alter-
natively produced dependlng upon which end of" each cell narrows or
broadens. Compound curves (inpocketings and outpocket1ngs) result from
changing the d1men51ons of the cells along two axes. .
o
A varlety of mechanlsms that would cause cells to change‘their

shape~have been hypothesized. Rhumbler (1902) and Glaser (1914)

sugéested changes in cell surface tension. Butschli (1915) proposed

- differential swelling on the two-sides of the cell layer. Gillette

(1944) and Lewis (1947) hypothesized differential contraction of the
cell surfaces or superficial layers., Moore (1930) implicated altera-
tions of ce11 connect1ons Gustafson and Wolpertf(19633) envisioned

changes "in adhesion between the cells, and between cells and supportlng

structures,. integrated with changes in” tension in the ‘cell membrane, as@ /

‘producing the forces that cause cells to change their shape.

‘There is a body of evidence that suggests altération in cell shape = °

© »

B
in many animals may be mediated by microtubules.and micrpfilaments.

Cytoplasmlc mlcrotubules have been found to be assoc1ated with cells
that are extendlng processes or elongating (G1bb1ns et al. ; 1969

Byers and Porter, 1964; Granholm and Baker, 1970) Microfilaments have
been found to be assoc1ated with a variety of contractlle events in
cells {(Inoué and Stephens, 1975; Goldman et al., 1976). Both of these
organellesAhave\beeh qﬁserved in cells within epithelia that are under-
going changeg in form (Cloney, 1966; Baker and Schroeder, 1967;
Granholm and Baker, 1970; Perry and Waddington, 1966). The precise
nature by which microtubules and microfilaments produce and direct

forced remains essentially unknown.
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it) Fusions, Detachments, and Migrations '
The development of form in most animal embryos involves one or more

of these proceéses: a) detachment of tissues from tissues; b) detach-

" ment of cells from‘tissues; ¢) fusion of tissues with other tissues;

Sk )

“*d) fusion of cells into tissues, and e) the migration of free cells.

These processes are‘allaed in that they all i%%g}ve the predétermine#
makiné or breaking of specific éellular'contacts.

There are numerous examples of these phenomena from a variety of
animals. The release of p;esumpt%veAmegoderm, in ﬁhe_form of ﬁesenchyme,
is comman to most eumetazoan phyla (cf. Kumé and Dan, 1968). The fusion
of fissué layers?occurs in t developmént of most organisms during the
-formation of,the digestive fract. fhe endoderm and ectoderm reunite to

form the mouth in deuterostpmes and the anus in protostomes. In Vverte-

—

brates the migration and fusion of mesenchyme to form tissues such as -

‘kidﬁey tubules: and dermal papillae’ére examples of directed migyations

of cells (Balinsky, 1975).

All of the factors responsible for the making and breaking of

N

cellular contacts are not known. Alterations in both protein and

a4

carbohydrate moieties on the surface of the cells are apparently involved

(Kemp et‘al., 1973). Similarly, the factors responsible for -the direc-

L4 !

tion and specificity of cell migrations are obscure. The observation

that the direction of cell movement\éae be altered by the substrate over

which it is moving has formed'thé basis of current theory (Weiss and

Garber, 1952).

2

The mechanisms of cell locomotion are reviewed by Trinkaus (1973)

! and Wessells et al. (1973). There are apparently relationships between

13
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the extension and retraction of cytoplasmic processes that occur .
’ (w3
during locomotion,. and microtubules and microfilaments found within !

v

migrating cells. ,

111) Enhanced Cell Proliferation

Regions in which cells are replicating at a highef ra;e-tﬁan
adjace%t(regions have a proportionally fdsfer rate of growth; this
ailometry can contribute to tﬂe de&elépment of the body form. &
| Thls phenomenon is ‘best known durlng morphogene51s associated wlth
regeneratlon * Hay (1962) descrlbes an enhanced m1tot1c index in the
newly formed blastema in amphlblans, and 51m11ar 51tuat10ns ex1st during

regeneration in annellds, ‘nemerteans, and platyhelmlnthes (Berrill,

1961) “Localized prollferat1ons have also been described during stolon

'-'elongatlon and bud formation in coelenterates (Berrill, 1961).

Reglons of\\Phanced prollferatlon have been hypothe51zed for
embryonlc morphogene51s, but conv1nc1ng ev1dence of their ex1stence, in
most inétances, is lacking. The accumulation of mesgnchyme duging the
~ formation of de}mal papillae in vertebrates>was atfributed, in part, to
reéioﬁs’of répid cell division. Couﬁting mitoses (Balinski,‘lQSO) and
tritiated thymldlne incorporation (Wessells and Roessner, 1965) falled
_ to‘indicate the presence of such reglons, In some 5ituations, morpho—‘
genésis can be éccounted for by other‘mechaéismé; the appéfent 'growth'

of epiboly occurs independently of cell division (Richards and Porter,

1935).

iv) Cell Death
Cell death plays a role opp051te to that o growth' it.eliminates

tissue. Saunders (1966) and Saunders and Fallon (1967) review in detail

3



cell death during development in vertebraces. The best known example of
necrosis contributing to the aevelopment of form is described by
Saunders et al. (i9§2).“'1ntens;ve celi degeneracign occurs during chick
deveionmenf in the shaping of the wing and in-the removal of tissues
between the digits., It has been determined that necrosis,is a morpho-

: genetic event.contr011edAby the immediate cellular and humoral environ-
meﬁtw(Saunders; 1966) . |
v.)%" Cell Reariangement

Fristrom (19;6) found that the dramatic changes in shape that occur
during the eversion of 1mag1na1 discs in Drosophila meianogaster is, in
. part, due to cellular rearrangement The essence of the idea is that
an epithelkal sheet can change its d1men51ons by cells moving to new
positions. For example, a flat sheet of cells, 4 cells by 4 cells, can
double 1ts length by becomin} 8 cells by 2 cells. The cells of one row
need only intercalate ‘between the cells of an adjacent TOW,

Frlstrom (1976) observed that after eversion of the leg dlSCS, there
is an increase in length and a decrease in dlameter of the simple
epitheliai‘tubes., These changes are accompanied by a decrease in the
number of cells around the rircumference, as a model of rearrangement
would pred1ct.‘ Cell d1v151on and cell shape changes were e11m1nated as
p0551b1e mechan1sms (Fristrom and Fristrom, 1975) ‘ Observatlons of

somat1c mosaics, where clonally related cells can be identified in

P

patches, further supported her hypothesis of rearrangement (Frist:

1976) . | ° o =
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B. "Morphogenesis in Sea Urchins

The sequence of morphogenetic events proceeding from the fertilized
egg to the feeding pluteus have been described for numerous species of

sea urchin- The first descriptions published are those of Krohn (1849,

Muller s (1846- 1854) observatlons, prov1d1ng a complete sequence of
major morphogenetic events in the formation of the pluteus and its
subsequent metamorph051s

Gustafson and Wolpert with various co- -workers have provided des-

" criptions, in detail, of nearly every aspect of urchin development  to

pluteus (see Gustafson and Wolpert, 1963a, 1967, for review). Their

hdescriptions are aimed- at elucidating the morphogenetic mechanisms

responsible for the formation of the pluteus.  Their observations

indicate that two morphogénetic mechanisms can account for all aspects

~of development that they have described: 1) alterations in the form of cell

/

sheets, ‘and 2) d1rected mlgratlons 1nvolv1n%}detachments and fusions of
cells.

Gustafson and Wolpert (1963a, 1967) have further hypothe51zed that
the forces fesponsible for the alterations in the shape of cell sheets
in.echinoid!embryos are produced by changes in the adhesion between

adjacent cells and supporting layers and variations in the tensgjon within

cell membranes. Their hypothesis predicts that increases in the area of
adhesion between cells and a corresponding loss of adhesion between the
cells and a supportlng layer results 1n a more columnar arrangement of

the ep1the11um Converselﬁ, squamous egpithelia .could be produced by

" reducing the adhesion between cells and increasing the adhesion to the
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'supporting layer. Curvature in cell éieets ean beAproched by'ihcreasing
intercellular adhesion and maintaining cell-supporting layer adhesion.
Increasing the ten51on W1th1n the membranes of cells in an epgthellum
eauées a deerease in the amount of contact between adjacent cells. At

a maximum the ten51on will produce round cells with only po1nt contacts
with adjacent cells. These authors also suggest that the 1ntggrat10n of
these tyo processes faC111tates the change in form of’ cell sheets in
echinoids.

Gustefsen.and Wolpert (1963a, 1967) hypdthesized that the migraiion
of eells and the release of cells from tissees was facilitated by the
extension and subsequent.contraction of filoéodia. They observed eells
to move in the direction of shortening filopodia. Variations in ceil
adhesion and the relatlve strengths of cell- fllopodla attachments were
hypothesized to“be factors determlnlng the direction of cell mlgration.

- The aspects of sea urchin morphogenesis that ‘have recelved the
most attention are: 1) cleavage of the fertilized egg, ji) formation
of the blastn&a,‘iii) ingression‘of the pgimary mesenehyme,cells, and

iv)vgastruygtion.'
i) Clea?ege

Tﬂe fer€§1ized egg divides'meridionelly»to form two blastomeres. -
The division.is characterized by a furrow that constricts the egg into
two eqdal parts. | |

Rappaport (1967) and Hiramoto (1975) have measured tenéile forces
of 1073 to 10°2 dynes within the cleavage furrow. Schroeder (1969)

described a band of microfilaments that are glrcumferentially,oriented

beneath the plasmalemma of the furrow for the duration of the constriction

-
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pﬁase of cleavage. The filaments are sensitive to cytochalasin B
(Schroeder, 197%), hydrostatic pressuré (T11ney and Marsland 1969),
and under spec1f1c condltlons are able to bind heavy.meromyosin
(Schroeder,\197$). The temporal and geometrlc association of the
miérbfilgmeﬁts Jitﬁ the cleavage furrow, the disintegration of the band
upon applicaéion of inhibitors to furrow formation, and the gtttaﬂté/of
the microfilaments with.actin, a contractile protein, support the.:
hypothesis that ‘they are respbnsible for generating the forees of

cleavage constriction (Schroeder, 1976).

t1) Blastula Formation
The egg continues to dividebaﬁd by the seventh syhchfonous division
the resulting mass of cells begins to form.a hollow ball, the biastula.f
A sphere will result from an equilibrium between a uniform expan-
sive fqrce applieq'centrifugally aﬁe a uniform tension within a surface
resisting it (Sears and Zamanski? 1960) . . Gustafson and Wolpert‘(1963a)
suggest that the tension within the cell sheet, the blastoderm, could
be generated by the resi;iency of the blastomere membranes, the inter-
cellular connections, tﬂe hyalin layer, or a combination of any or all
of these. fhe expansive force,applied normal to the cell sheet could be
generated by a pressure d1fferent1a1 between the %\ferlor and the
exterlor of the’ blastocoel (Monné and Hardé, 1951) or by a centrifugal

force due to the adherence of the blastomeres to the hyalin layer (Dan,
¢

-

1960). - - o —

111) Ingression of the Primary Mesenchyme
The blastula anticipates the ingression of the primary mesenchyme

by becoming flattened in the vegetal region. The mesenchyme cells’



imigrate from this vegetal plate into the blastocoel where they form a :
syncytium and secrete the larval skeleton (see Gustafson and Wolpert,
1963a, 1967; Dan, 1960; O?azaki,~1975, for reviews):

+ Gustafson and Kinnander (19§5) report that the primary mesenchyme
cells, prior to eg}ering the blastocoel; begin to pulsate and extend
lobes -and filopodia from their blastocoeiar surféce. Subsequently, the
cells dissociate from the vegetal plate and form a clump of rounded oells
on the vegetal pole of the Blastocoel. . |

Gustafson and Wolpert (1967) analyse the initial stages of this
behavior as a variation in cellular adhesion;and“an increaee in membrane
tension. This frees the cells from the blastoderm and éives‘them av
rounded profile.

G1bb1ns et al. (196é) report that the distribution of microtubules
in the primary mesenchyme cells changes from an orderly apical array
focusing on the basal body of the c¢ilium, to a random distribution
ektendlng into the pulsatory lobes. » They further report that in the
pr1mary mesenchyme cells within the blastocoel, a centrlole is 1ocated
near the center of the now spherical cells and an array of mlcrotubules
radiates from it. They concluded that the microtubules pley a role rp
" the development of cell shape.

Deuterium stablllzes m1crotubu1ar structure (Marsland and Zlmmerman,
1963, 1965). Colchicine and hydrostatlc pressure disassemble micro-
tubules and _prevent their reassembly (Zlmmerman and Marsland 1964) .

P
Appllcatlon of colchicine and hydrostatic pressure ‘halted the develop-

Pl

ment of the primary mesenchyme and tended to spherulate the cells that

had moved into the biastocoel (Tilney and Gibbins, 1969a). Exposure to

19
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\ A
deuterium similarly halted further development, but cell asymmetries

persisted, Lo

Once ghe{primary mesenchyme cells have entered the blastocoel, they
send’ out numefous filopodia.(Gustafson and Wolpert, 1961). The
‘filopodia extend fram the surface of the primary mesenchyme cells and
make random explorations of the blastocoel Qéll. The attachmenf and
contraction bf the filopéZia disperses the cells. The initial displaée—
ment of the cells appears to be random as the cells/become Scattered
" throughout the vegetal half of the blastula;.’fﬂg/;rimary mesenchyme
cells spon form a syncytial chain that circles the vegetal plate with
two anteriorly oriented brancﬁes on the ventral wall. The_larvai
skeleton is secreted iﬁto an orgénic"matrix within a membraneTlimited“
vacuole in the cytopléém'of the syncytium (Gibﬁins et all,.1969).

- Wolpert and Gustafson (1961) attribute the motive forcé of this
directed migréfion to the contraction of the filopodia. Gibbins et al.
(1969)Ahave demonstrated that the filopodia contain microtubules and
microfilaments, an observatioh supporting the idea that the contractile
force is 16¢a1ized within the filopodia.

Guétafson and Wolpert (1963a) suggest that the direction of move-
ment of the cells is determined by the yielding of filopodia that have

»

made weak attachments to filopodia that have made firmer attachments.

1v) Gastrulation

Gastrulation is a process of displacement of presumptive organ
rudiments from the blastoderm to the interior of the embryo. A blind
tube, the archenteron, invaginates from the vegetal plate and extends

across the blastocoel to fuse with the presumptive stomodeum,



Gustafson and Kinnander (1956) unQ Dan and Okazaki (195%6) simul-
taneously observed the process of gastrulation to take place in two
distinct phases. By plotting the length of the-invaginating archenteron
against time, Gustafson and Kinnander found that invagination proceeded
at a uniform rate until the archenteron had travelled one third of the
way across the blgstocoel. Filopodia then extended from £he secondary
mesenchyme ;ells.at the tip of the archenteron and stretched to the
presumptive stomodeum. As this occurred the rate of lengthening of the
archenteron increased, making a distinct inflexion point on the
time-length plot. ‘Gustafson and Kinnander (1956) have hypothesized that
the filopodia are contractile and supply the motive force for the second
phase of gastrulation.

‘Moore and Burt (1935) have demonstrated that thg forces necessary
for tﬁe first phase of gastrulation are localized in the vegetal plate,
They were able to observe the initial invagination in excised vegetal
plates. Gustafson and Wolpert (1963a) attribute the invagination to
alterations in cell adhesion leading to a deformation of the cell sheet.

As the_aréhenteron extends to thé limits of the autonomous phase,
filopodia begin to appear at the tip. Tilney and Gibbins (1969b)
observed 5 nm filaments to be a aominant organelle in the filopodia.
Microtubules were preéent at the bases of thege cytoplasmic extensions
but were rarely observed in the filopodia thgmselves. fhey concluded
that both microtubules and microfilament; ar¢”involved in filopodial
movements. . They suggest that the microtubules are instrumental in the
formation and elongation of tﬁf filopodia and that the microfilaménts

are implicated in their contractility.



C. Gene Activity and Horphpgenesis

It is an ﬁnquéstioned paradiém of biofbgy‘today tﬁat the sfructure
and funétion of an organism are determined by thergehetic char;z:>r 6f
R . =7
the organism. The cells and tissues of an animal owe their structural
gnd,funétio;al.attributes‘to the nature of their éoﬁsézzki?t proteins,
which resuif ffom the expressioﬁ of the information encq&eé\i;ethe
genes of the cells. The details of the relationship between develop-

mental phenomena and this central dogma remain enigmatic. However, ¥

considerable research has been directed towards understanding mechanisms

of the flow of genetic information during the initial stages of develop-.

ment in sea urchin embryos. - ' ‘

2

Upon féfti;izatibn of‘the egg, there is an iﬁmediate'ihcréase in
the rate of pfotein synthesis (Epel, 1967). Experimengé with‘
inter—sbeciés_hybrids, enucleated eggs, and actinomycin D-indicate that
the initial events of embryogggesis, which ére presumably diretted by
.éhése newiy synthesized protéins,’aré;not undér the direction of the
embryonic genomé.(reviewed by Davidson, 1968 and Stearns, 1974). .The
developméﬁt'of‘the fertilized egg to égstruiation is instead determined,
almést wholly, by the>tran51atiqn of messénger RNA allotted to the egg
6uring oogenesis. Accordingly; develoﬁment\after gastrulation is con-
trolled by proteins that are encoded in the embryonic éenome.

Bérros et-al. (1966) and Giudice et al. (1968) analysed the
temporal relationships between gene activity and m;rphogenesis in
echinoéerms. Pulse treatments of aCtihomycin D th{oughoui pregastrular

development indicate there is a brief period (5 to 6 hours) during which

interfering with the synthesis of RNA blocks gastrulation. The
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-digestive tract.
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transcription of proteins vital fo‘gastrhlatipn evidently occuifaduring
a finite period of development some 15 to 18 hours before gastrulation.
D.. Objéctives ‘ o

It is clear that a great deal is known about morphogenesis in sea
urchin émbryos, though .interest has been predominantly with early

8

development, and hypothesized morphogenetic mechanisms have/ﬂot all been

"

tested experlmentally. The format;on of the larval dlgestlve tr.ﬁ:"
an aspect of the development of'the pluteus that has received o;1y
cursory atténtion from investigators.

The objeétives of this portion of“my research are:

;) to describe and docﬁmenp the morphogenesis of the-tarval
digestive tract, ' ~ ‘ o >

2) to investigate the mechanisms responsible for specific morpho-
genetic events during the development of the‘larval gﬁt, and

3) to investigate temporal aspects of the genetic control of

morphdgenetic events contributing to the formation of the larval

-

<

RESULTS ‘
o 7
A. -General Observations
Eggs of S. purpuratus begin their first cleavage three hours after
fertilization (15°C). The subsequent divisions occur more rapidly, and
by 24 hours a morula has formed. The ensuing mesenchyme-bliftula stage

hatches from the protective fertilization membrane at about 30 hours.

The initial invagination of gastrulation begins at 38 hours”(Fig. 2a) .



24

The second phase of gagtrulat;on, which is directed byvthe contraction
of filopodia, begins at, about 40 hours, and gastrulation is compieted
by 44 hours (Fig. 2b). -

The embryo, at the completioh of gastrulation, is roughly ovoid
in shape, although the ventral(surfaée is somewhgﬁ flattgned.‘(The_
;aréhenteron is a blind tubé,that lies along the anterior-posterior axis;
the tip is flexea siiéhtly toward the ventral su?face and apposéd £o '
tge ectodermal epithelium, |

The epithelium in regiéns of the archenteron where the Eardiac andv
pyloric sphincter aré to form has begun to thicken by 54 hours. The
single layer 5f cells is about 3 um thick at the completion of gastruia-
tion and becomes 5 to 7 ﬁm thiﬁk prior to the formation of the sphincters.,
The ;ardlac sphlncter forms flrst, it appears 1n1tlally as a constriction
- of the tube 20 to 25 um from the anterior end. The constr;ctloﬁ takes
4abopt two h;;rs.to form beginning at '58 hours (Fig. 9). The pyloric
sphincter forms in about the same amount of time beginning shdrtly after
the cardiac sphincﬁer/{Figs. 2, 9.

The regions of the archenteron that will form the larval esophagus,

stomach, and intestine are distinct by about 64 hours (Figs. 3, 8). The
J

/"}stomach is spindle-shaped at this stage; between 64 and 72 hours it

bulges to become more spherical (Figs. 8, 9)< By 76 hours the stomach

: —
has expanded in diameter from The esophagus in%;eéses to

. 40 um at its widest part, while the intestine becomés 30 um at its
“greatest width (Figs. 4, 8),

Between 64 and 76 ho

- straight tube, bends to form
o
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‘the pylofic sphincter (Figs. 8, 9). The stomodeum forms between 60 an

72 hours (Fig.'9). The tip of‘fhe‘arcﬁenteron fuses\with the»ectodermal
epithelium and a small oﬁgning appears tFigs. 3, 4). AIt graduélly
enlarées to become 15 uym in diameter and tﬁe larva becomes capable of
feeding about 88 hours after fertilization (Figs. 4, 8, 9).

The coeloms form at the tip of the archenteron beginning at about

48 hours (Figs. 2, 3, 4, 8, 9). After the completion of gastrulation

there is an épparent proliferation of the mesodermal cells that will
bécomeAthe coeloms. A single mass of cells emerges from the dorsal
surface ‘of the tip of the archenteron.. By 52 Hburg the cells have ‘ s
separated into two clumps at the sides of the archenteron. The two

lateral masses soon“become hollow pouches; their tumina remain’ continuous

- with the Iumen of the'archenféron (Fig. 2c¢). By 56 hours the coeloms

. have extended further from the archenteron and become triangular in - R

outline (Fig. 2d). g i ' | -

The coeloms by 60 hours‘hte_paired ear-like sacs attached to the
. ,')‘,‘:&; , «

“sides of the presumptive esophagué (Fig. 3). The connections between

the lumina of the coeloms and the lumen of the esophagus become occluded

by -about 64 hours. eloms continue to grow posteriorly, becoming

~fiatt¢ned and appqsed to the sides of the esophagus in the feeding . K\\

pluteus (Figs. 4,

In the 64 hour embryo, cells extend from the posterior tips of the

St

coelomic pouchés and attach to the ventral transverse rods of the larval
skeleton (Fig. 6a). These stfands»will form ‘the ventral dilator muscles
of the larval mouth. Another extension from the dorsal surface of the

left coelom to the epidermis forms the hydroporic canal (Fig. 6b).
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Extensions of the foeiomic»c 11s that will form the esophageal
musclés begin to wrap around the edqphagus at 68 hours (Figs. 7, 9)

The cG€loms at this stage are comprised of two groups of cells: one

, group occuples the blastocoelar surface and the other groﬁp forms the
' . . . 4 f .

surface of the pouches apposed to the developing ésophégus. The cells
in the first group are each 10 to 12 um in diameter and the cells of

AN : . .
the second group are each 5 to 7 um. The group of smaller cells

produces the f;iopodia that form the esophageal muscles. The filopodia
eitend from thé‘sidqs toward the mi@line’of the esophagﬁg.l By 847hOUrs
they are capable of the éequen;ial contractions that produce the
peristaltic mpvéments o% the ésophagus.

The sequence of morpﬁogenétic evenﬁs leading to the forméti§n df
the larval digestive tract in .D. éxceﬁtricus is essentially the same as
the sequencéain S; purpuratus. Herver, it is compressed into ‘a much
shorfer périod of-time (Fig 5). While gut formation (gastrulation to
feeding) takes about 44 hours in S. purpuratus, it is accompllshed in
24 hours in D. excentrtgus (15°C). As well, the tissues of the
archenteron- gut dAn D. ;xcentrzcus differ notably 1n thlckness from those
of S. purpuratus (Flgs 2, 3, 5. The endodermal cells in D. excentrtcus
are 10 to 12° pm tall while the endodermal cells in S. purpuratus are
4 to 7 um tall.

In D. excentricus“gastrulafion is completed 36 hours after fertil-
i2ation (15°C) (Fig. gb). The constricéions of the archent#ron that
become the sphincters occur at about 40 hours (Fig. 5¢).. The stomach

expands from a spindlé shape to become a sphere between 4£/and 48 hours .

(Fig. 5d). The formation of the coeloms takes abqut 10 hours beginning

U
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at the completion of gastrulation, The larvalsmouth breaks'open‘at 46
hours and the larva is capable of 1ngest1ng and digesting food by 60

hoursJ(Flg 5d) .
B. - Sphincter Formation , , ‘

1) TEM
The archenteron, prior to formation of the sphincters, is comprised

of simple cuboidal epithelium. The cells ate nearly square in outiine,

4 um by 4 um- (Fig. 11). “Near the luminal surface, the-cells are attached

d

with maculate septate junctions, and a thin basal lamind lines the

blastocoelar surface.. Each cell contalns a centrally located nucleus,

2 um in diameter. Yolk ve51c1es, 0.5 um in dlameter and clear vacuoles

-afe scattered throughout the cytoplasm. There appear to be two classes -

b

~of yolk vesicles; one contains a homogeneous substance of medlum

electron density, and the other has granular conten;s and is 1635

electron—dense (Figs. 11, 13). .The cytoplasm also includes cisternae

.of roughléndoplasmic reticulum, clumps of ribosomes, and mitochdndria.

, . : :
Each cell bears a single cilium on its luminal surface, and the-° :

'plasmalémma afound_the base of the cilium is elaboraped into a collar

of 8 to 10 microvilli.
Between 54 and 58 hours, the cells in the region of the presumptive

sphincter increase to 7 um in height (Fig. 10). The cells are rectan-

gular in outline and the polarity of the cytoplasm becomes apparent as

the nuclei are located in the basal regions. .
buring the constriction of the archenteron, the cells that.partici—

pate in the formation of the sphincter change in outline from rectangular

-



to xr%angular (Figs. 10, '11). The cells iﬁmediafely above and below the
wedge;shaped sphincter cells change in outline from ;ectangles to
p;rallelograms. ' | ) | )

Specimens  fixed during the constriction of the archenteron were
6b§erved to contain an eleétron-dense région,.O.l um thick, immediétely
b;heath the plééﬁalemma on the luminal surfacé'of the wédge-shaped
sphinctér tglls (Figs. 12- 13);“ The electron-dense region is comprised
of a fine grénular matrix; 'in some specimgns’micrqfilaments, 7 nm in
diameter, can be'discernea (Figs. 14; 15). The microfilaments aﬁpear to
be aligned circumferéntially.' In some sections fhe‘microfilaments are
sparse. and shoft, 0.1 um long, in others fhe ﬁicrofilamehts are mofe
dense’and occur in lengths up td 0.7’ﬁm (Figs; 14, 15). The apical
surfgcé of the wedée—shaped cells also appeirs to'beér a greater‘dehsity
: of-O;S um lohg ﬁicrqvilli than adjaéent cells (Figs. 11, 12, 13).

The sphincter cells in embryos fixed after the formation of the
_sphinéters are also»wedge-shapéd (Fig. 11). No electron-dense region
~adjacent to the plasmalemma of the luminal surface was observed. The
cytoplasmic céﬁstituénfs of the cells appear unchanged from their
condition prior té sphincfer formation (Fig. 11). |
iz) bytochaiasin B‘ - | , ’ )

i

"The first set of experiments was perf

epithelium of the presumptive sphincters
"After oné hour the control embryoé (MFSW aRd DMSO) .had formed recégniz-
able constrictions in the archenteron.. Embryos treated with 1 ug/ml CCB

maintained the thickened epithelium in the presumptive sphincter region,

and some individuals showed further constriction. Embryos treated Qith

28
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either 5 ug/ml or 10 ug/ml CCB had no apparent\constrictions in the

archenteron. . K :

After two hour's. the control embryos had completed the constriction
of.the tube (gég. 16c) . - The embryos treated with 1 ug/ml CCB were
retarded,with respect to the control embryos; the sphincters were at a
stage comparable to the control embryos after-one hour.. In embryos
treated with 5 ug/ml CCB there was no ev1dence of constriction of the
archenteron; the\endodermal cells appeared: somewhat rounded and the
thickened reg10n§ hﬁﬁ dlsappeared. The ectodermal. eplthellum was pulled
away from the hyalln‘Qa¥¥r though the cells remained attaohed to it
where the cilia pro;ected through (Fig. 16b). Emhryos treated with

§

10 ug/ml CCB were 51mllhr to those treated with 5 ug/ml in not having
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formed any semblance of a sphlncter, however, they dlsplayed dlssoc1at10n 'wﬁgﬂ*”"?

of the ectoderm and rounding of the cells to a greater extent

When the exper1menta1 embryos were rinsed and returned-to MFSW
*the effects of the treatments abated. Those prev1ously treated with
1 pg/ml CCBvresponded quickly (ﬁdthln one hour) "and completed the forma—
tion of the sphincter. The embryos that had been treated with 5. ug/ml
CCcB showed re- annealment of the ectoderm to the hyalin layer and
:recogndzable sphrncters within 2 hours (Figs. 164, 19a). The 10 ug/ml
treatment was not as read11y reversed; the dlssociation of the ectoderm
and rounding of endodermal cells in most cases remalned even after 6 to
8 hours in MFSW. .

She second set of experiments 1nvolued treating‘embryos in‘which

the constriction in the archenteron had begun to form (Fig. 19b).

Treatment with S\ug/ml or 10 ug/ml CCB removed the. constrlctlons within



one hour (Fig. 17). The 1 ug/ml CCB treatment did not obviously affect
the constriction process. Embryos in both of the control cultures
remained unaffected.

i

Removal of the embryos from the 5 ng/ml CCB treatment after one
hour returned'fhe sphlncters to a state comparable to the control
,cultures. The 10 pug/ml CCB treatment was also reversible, however;
embryos that had undergone extensive dissociation of the ectqde;m or
endoderm were unable to reeﬁrn to their previeus\conditiOn.

In the third set of expefimeﬁts embryos were treated with‘CCB after
the constrictions in'the>afchenteron had fully,formed‘(Fig.‘lgc). The
vsphincters were unaffected 5; all of the concentrations of CCB, even
when treated for up to 4 hours (Fig. 18). The‘lo,ug/ml CCB treatment

caused extensive dissociation of the-ectoderm from the hyalin layer, yet

the spﬁincfers remained essentially unaffected. N

4 -

Ultrastructurally, the cells of the presumptive sphincter in
emﬁryos treated w1th 5 ug/ml CCB were unlike the sphincter cells in
the control embrYos. ‘The cells remained columnar, though somewhat‘
rounded, and there were ne apparent elaborations of the luminal surface
(Fig. 22).“The electron-dense region adjacent to the apical membrene
~was not observed (Fig. 225). All pthef ultrastructural characteristics S
‘of the CCB-treated embryos were'eesentially;the same as in the control

embryos.

C. Coelom Formation

Throughbut the formatigy of the coeloms numerous 0,2 ym diameter

o +

f110pod1a extend from the coelomlc cells (Flgs 20, 21) In1t1a11y the

110pod1a radiate from the tip of the archenteron and attach to the
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ectodermal epithelium. During thg expansion of fhe coeloms, and as they
come to lie against the archenteron, the filopodia are oriented in the"
same dfrection as the coelom. There is a marked décrease in ;he number
of filopodia uponbcomg%etion of coelom formation.

The coeloms are cgmprised of simple cuboidal epitheiium that 15;
ultrastructurally indistinguishable from the other parts of the
archenteroﬁ, exceptvfor.the filopodia. The filopodia protrude from the
bla;tocoelar‘surface of all of the coelomic cells. fhe cytoplasm of the
filopodia contain numerous ribosomeS,‘a,few 0.1 um diameter vesicles,
and a moderately electron—dense.ground substance (Fig. 23). As’Well;
éarallel arréys of microfilaments, 5 to 7 nm thick;lare~oriented along
the major‘axis of the filopodium. The attachments of iie filopodia to
fhe ecfoderm appear as regions of closely abposed membranes.

Treatment of embryos during the formation of the coeloms with .

5 ug;ml CCB,gnd:IO ug/ml CCB inhibits 'the expansion of the coeloms as
compared to the control cﬁltures (MFSW.and DMS0) (Fig. 24j. Treétment
with 1 ug/ml showed no marked effect on coelgy formation. Retﬁrning the
‘embryo§uto MFSW from 5 ug/ml CCB resulted in contiﬁﬁed development of

- the coeloms, /After trégtment for fqur hours in 10 pg/ml-CCB, dissoci-

-~ ation of thj/gélls frequently prévented,further development of the embryo
when it‘was returned to MFSW. ’

Filopodia were present after four hours in 5 ug/ml CCB, however,

'fthéy were less numerous than-in the control cultures. The filopodia of
. 7 .

the experimental embryos were essentially the same ultrastructurally as

those of the control embryos, except for the neﬁggié\absence of the

X xid,
i

arrays of microfilaments (Fig. 25).
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D. Shaping of the Larval Stomach

i)  Number of Cells

.

\.éigufe 26 summarizes the data collected on the number of cells in
the,deveroping larval digestive tract. During gastrulatlon there is a
linear increase in the numbeTr of cells from 0 to 100 (Y = 98.7, s = . 10.9) .
There is a subsequent s}gﬁoidal incfease throughout fhe formation of the
gu‘,_resultiﬁg i’ about 425 cells (Y = 427.8, s = 25.5) in the feeding
ﬁluteus. These numbers represent a11 of the cells in the intestine,
stomach, esophagus, and coeloms; no attempt was made tO , include the
secondary meseﬂchyme cells that migrate from the archenteron during -the
initial stages pf gut development.

Table 1 summarizes the proportions of the cells in eacﬁ region of
‘the digestive tract; The cells of the mouth, coeloms, and esophagus are
jndistinguishable and therefofe are'presented together. There is an
apparent inerease in the proportion of cells in the anterior regionrof

the digestive tract as compared to the stomach and intestine. ‘ .

a

i1) - Colchicine
7 Embryos that had just beguh coelom for
containing 5 x 1675 M, 5 x 107% M, or 5
§6 hours, were ab

i
?digestive tracts

There was an apparent dosage respo‘s, tD t

with 5 x 107° M colchicine were more like c

cultured in 5 x 1073 M colchicine: The development
| received the heavier dose appeared retarded fhe stomach-remalned

spherical and the eplthellum 7 to 10 um th1

‘

© et e st
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TABLE 1. The pfoportion of cells in each part of the larval gut,

BexpresSed as a percentage of the total number of cells

4 ©  in the gut at each stage.
ours of N
’ evelopment:
Organ: ' 68 80 92
|Intestine ‘ ., Yt 21% 16%
S tomach . ’ . 43% 34% : 33%
Esophagus - 33% 45% . - 51%




embryos at an earlier stage. The stomachs of embryos treated with
5 x 10”5 M colchicine were heart-shaped and the epithelium 3 to 5 um
thick. =~ | ’ :
. 7
None of the experimentally treated embryos formed a typical pluteus

shape; all remained as prigms. fhere was a natable inhibition.of growth
of the larval skeleton in all colchicine treated embryos.

_Immediately prior to the experiment a sampling of the embryos to
be used had a mean of 146.3 Es = 8.4) cells in the archenteron. After
24 hoﬁrs there was a mean of 364.3 (s = 12.1) cells in the gut of
embryos cultured in MFSW. Eﬁbryos cultured in 5 x 107° M colchicine

had a mean of 213.5 (s = 16.3) cells and embryos cultured in 5 x 1073 M

colchicine had 152.1 (s = 18.2) cells.

111) Autoradiography

Autorad%ographs of embryos that were expoéed to H3thymidine during
* the ‘initial phaseé of the shaping of the larval digestive tract showed
grain deposition over the entire gut (Fig. 28). There appeared to be
'twé densities of silver gréins deposited. Regions of h;avy graim .
depoSitg were over nuclei andvappeared randomly scattered throughout thei
stomacﬁ; The esophagus and intestiné contained more regions o} heavy
depositioﬁ than the stomach. About one half of the cells in the stomacﬁ
were covered with light’deposits. Some of the regidns)with lighf
deposits were over parts of the sect%on in Qﬁich a‘ﬁucléus was not

L

included, other areas with light deposits were over nuclei.

4v)  Stomach Epithelium Thickness .
There is.an apparent thinning of the stomach epithelium between.72

and 88 hours of development. " Figure 29 summarizes the measurements of

o

34
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the stomach epithelium of embryos fixed at various stages. The epi-

thelium of the larval intestine and esophagus undergo marked reductions

in height as well (Fig. 30). ) | .

v)  Length of the Gut . : | .
The archenteron at the completion of gastrulation (48 hours)
averages 75 um in length. The length of the digestive tract of feeding

plutei (96 hours) averages 145 um; this represents the sum of the average

B Ny
lengths of the esophagus, stomach, and intestine (61 um, ﬂ@‘ﬁm, 36 um)

¥
;
s T

measured along their major axes.
“
The agerage linearxi‘g:ance between the presumptive stomodeum and
b

the blasto ore in 48 hbweKgastrulae is 78 um. The average linear djstance

between the center of th and the anus in 96 hour feeding plutei

1§V3§ um.

%7* - 2

E. Genetic Control of Morphogenetic Events

1)  Actinomycin D

Embryos théf had deveéloped to a stage prior to the completion of :
gastrulétion and were then transferred to MFSW contaj}ing 25 pug/mi
acgiﬁomycin D failed tb undergo morphogenesis of the larval digestive
tract (Figgf"?ii 32). Embr}os that‘had completed the initial ingression
phase of g;Ltrglation would compléte gastrulation but develop no further.
There was neither proliferation nor release of secondary mesenchymé cells
frqm the tip of the archenteron in embryos treated in this manner.

Embryos that had completed gastrulation prior to being exposed<to
actinomycin D were capable of morphogenesis of the larval digestive

tract (Figs. 31, 32). Coelom formation, sphincter formation, shaping
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.and bending‘qf the gut occurred in all post-gastrular embryos treated
with actinomycin D. St . N o o
Embryos that were exposed to actindﬁycin D'foraprolonged periodsf.

) . .

7(up to 60 hoursjlwére unable to swim, developed a laxgé number of small.

rounded ce11§)in the blaStdtoel, and failed Fo’form,éiliary bands and

besoghageal muscles. These abnormalities occurred in all of the experi-
mental groups irrespective of the stage at which the embryo was exposed
to actinomycin D.

i1)  Autoradiography
In autoradiographs of embryos‘that were treated with H3actinomycin D

for one hour prior to completing gastrulation, silver gra:ns were

. deposited over archenteron cells at higher than backgroﬁnd,densities
. K i . ) Q )

, (Fig. 33a). Autoradiographs of embr}os treated with H3aétinomycin D for
A : . : R o
- four hours prior to the completion of gastrulation showed silver grain
deposition'that was about two times denser than that observed for embryos

treated for one hour (Fig. 33c). The silver grains were, in most
2 3 . R , .
~instances, close to.or over nuclei, though some were over regions of E K

. » L -
cytoplasm. : N N

Autoraaipgraphs of embryos that had éompleted gastrulation and were
treated with H3actinomycin D for either one or four hours showed silver

grain deposition over most of the archenteron cells (Fig. 33b,vd). The
5 . . oA

silver grains were deposited over both the cytoplasm and the nuclei of

‘ sendodermal cells. There was no readily apparent difference in the grain g -
‘ 8 - . - . i ) ’ .
: \ : . , . :
densities observed over embryos that had been exposed Q%aﬂ3actihomyc1n D
, s '

for either éne or four hours. : §§ ¥



G

forms. The relationship between egg size and the rate of develppment oy

R ' £h37
iii) Puromycin  © ‘ - ?

Embryos that Werglcultufed in MFSW cbntaiﬁing 20 ug/ml puromycin
halted development at the stage at which they were in;roduced to ‘the
experimental conditigns é{igs. 34, 35). Embryos that had not complete&
ga;frulationvbriOr to pu;omycin treatment develsped no furthér, Deyelop-

ment was also halted prior to and during coelom formation. Embryos that

had begun the'thiékeﬁing of the endodermal epithelium preparatory to

N _ /
‘sphifcter formation were, in some instances, able to form a constriction

in the afghenteron.
\Eome‘of the embryos that were retutned to MFSW after development

had been halted by puromycin were able to form a normal pluteus.

L

DISCUSSION

-~

The description of formation of the larval digestive tract in

S. purpuratus and D. excentricus agrees with the descriptions of gut

%fdeVelopment reported for many other species (see review by Hyman, 1955;

Kumé and Dan, 1968 Czlhak 1971). Although most of the published

vvreports deal with the formatlon of the gut incidentally, the overall

pattern of%development‘appears consistent amongst all the echinoid ordets.

Gustafson and Wolpert (1963a,b, 1967) described aspects of gut formation «

in Psammechinus miliaris and Echinocardium cordatwn in detail. The

_account given here is in accord with the observations of those authors.

The most remarkable difference in the development of the digestive

tract in the two species\examined here is the rate at which the gut

Wzrrelatln\\\aﬁf%

for a variety of species, was repor;ed by Steele (1977) a%

3



positively, and by Underwood (1974) ‘as being without correlatlon. The
data presented here for S. purpuratus and D. excentrtcus contradict the
contention of Steele g19%7). D. excentricus develops to.a feeding stage
fromba 115 um egg in 60 heprs and S. p;upuratus'develops from a-smaller
egg (75 um) to a feeding pluteus in a relatively longer time (88 hours).
The significance of the relationship between egg size and time‘of
development liesvin the mpdels of>Vance (1973) which relate the
energetic efficiency of'reproduction tefegg size. He was attempting to
reconcile the observatlons af Thorsen (1946) that the reproductive
strategles of marine benthic 1nvertebrates fa11 into three classes. In

"doing so Vance (1973) based his models on (the assumption that there was

a positive correlation between egg size and the length of time the larva

was leC1thotroph1c (pre-feeding). He suggested that an increase in egg

¢

size 1s, in general associated W1th a lengthening of the pre—feedlng
period, “a shortening of the period of larval feedlng, and a shortenlng
overall in the duration of larval life {to metamorph051s). Strathmann
(1977) points out that larval Size and variability of larval ;tages are
factors that complieate the relationship betweg% egg size and the

duration of feeding*and pre-feeding, stages.

Although the reproductlve strateg1es of $. purpuratus ‘and D.
o

o

,'excentrmcus are very similar anﬂ the two class- related species share a

similar larval env1ronment, no 51mp1e relatlonshlp is supported by the

D

'nron that the rate of development to an independently feeding

pluteu;%ﬁs achieved more quickly 1n the species with the Larger egg.

o

‘ggg size in this situation does not appear to be determined solely by the

- ) ~
5 ST

selective pressures exerted on the rate of. develophment.
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‘A. Morphogenetlc Mefﬁan#%ms

1

The development of form in the larval digestive tract is a predict-

able sequence of events. The entire sequence is a continuum in which

stages may be recognized. As a matter of convenience, the morphogenetic:
8 . : : i

events have been treated as distinct entities; the extent to which one

event relies upon another is unknown It must be remembered that the

process of gut formation is an 1ntegrat1on of all the morphogenetlc . <j;\\\\

events;. it shoukd e ?azsldered as a ge&ﬁzit ' o \\\\

)ck.r./

K

Four events of morphogene51s of the larval digestive tract have
been 1nvest1gated in detail:’ 1) 5ph1ncter formatlon ii) coelom forma—

tion, iii) shaping of the stomach and iv) bending of the gut into a 'J'

~

' : ¢ ! -
. . : ~
- “

. t
i)  Sphincter Formation

shape.

a

It is hypothesized. that the formation of both the cardiac and

£y

© pyloric sphlncters is initially accompllshed by an active contraction of

the apical ends of the sphincter cells, altering thelr shape and resulting

o

in the apparent constriction of the archenteron (Figs. 36, 37). It is‘

suggested that the force is produced by the contraction of microfilaments.

e sphincters first appear as thickenings and ‘then constrictions of
the rchenterbn; Intuitively, this changé in form can most easily be
acc mplishéd byba contractile fqrce arrangéd circumferentially. Moore -
(19?,)$notéd that sphincters,fdrm in the archenterons of exogastrulae and
gagtrulae.from which the animal hemisphere had been removed. He con-
cluded that the formation of the tripartite gut (sphincter formation)'was

an autonomous process; it can occur without the influence of other tissues:

The contragtile force is apparently localized within the archenteron.
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b

» et

Mlcrofllaments were not observed in the aplcal ends of cells of
embryos that were f1xed prlor to or after sphlncter formatlon. This

transient presence of the microfilaments allies them with the constric-.'

_tion of the tube. The location and ofientation of the microfilaments

g

also provide circumstantial evidence for their participation in this

event. -

The appearance of microvilli on the luminal surface, coincidental
. | .

with sphincter formation, can be interpreted as resulting from contrac-

tion of thevapicalicytoplasm/of the sphincter cells. .Presumably the’ \

-contraction of the cytoplasm immediately beneath the plasmplemﬁh would

~result in the plication of the membrane. Cloney (1966) and Baker and

v

Schroeder (1967) noted similar»folding ofwmembranes associated witR
contraction of cell: surfhces.

Numerous non- mupcle cells have been demonstrated to contain the
contractile proteinsiactin and myosin (Pollard and Weihing, 1973; Inoué

and Stephens, 1975; Goldman et al., 1976) Filaments, 5 to 7 nm thick,

have been shown to be. assoc1ated both tenporally and geomegxlcally,iw1th
contractile events in many of thefSe cells. Microfilaments have the
» : R

ultrastructural characteristics of actin and,vunderbsbeCific conditions,
have been,demonstfated‘to bind heavy merom;osin, as ‘does actin. (Ishikawa
et al., 1969). Although the nature of the conversion of‘chemical energy
to mechanical energy is not understood in_non—muscle cells,‘microfila-
mentsl(actinj have heen hypothesized to be tenSion-bearin& elements in
sliding-filament models (Schroeder; 1975).

The formation of ‘the sphincters was_reversibly Ainhibited with CCB,

and neither the electron-dense region nor microfilaments were observed

-
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in sphlncter cells of embryos tréated with CCB. CCB ds known to‘inhibit
numerous contractlle processes in non- muscle cells and disrupt.micro-
filaments assoc1ated wlth contraction (Wessells et al., 1971) . Little is
known of the means whereby it in;erferes with either the filaments or the
cellularbcontractility. CCﬁ has been demonstrated to hind to proteins on
the cytoplasmlc surface of cell membranes (Tannenbaum et al., 1977) and
to 1nterfere with hexose transport (Kletzien et al.,'1972). However, the
‘signiffcance of these observations in relation to cellular con;ractility
is not known.’ Wessells et al. (1971) have concluded that the drug may
be.used as'a dlagnostlc tool for contractile‘actifity, in spite of our
ignorance of the inhibitoTy mechanism of "CCB.
CCB 1is unable to alter 5ph1ncter#constr1ct10ns that are fully formed
: ?resumably there are factors that stablllze the newly formed sphlncter
wh1ch are refractory to CCB. Examlnatlon of changes in cell junctions,
glucosaminoglycans, and collagen may prov1de further evidence of stabil«
izing factors. |
Gustafson and Wolpert (1963a) hypothe51zed a general rule for thel

changes in form of cell sheets in echinoid embryos "They postulated that
alterations were accomﬁl1shed by localized increases and decreases_,n/the a
extent of 1aterai adhe51on between adJacent'cells These changes in -
adhesion facilltated changes in the shape of the cells. Wolpert and
Gustafson (l963a) state that sphincters form in thls manner. The evidence
presented’here;indlCateS'that the changes in cell shape precede the’
alterations;in\lateral apposition; the'change in apposition is an effect
»rather than a cause of the constrlctlon.

Baker and Schroeder (1967) proposed that the contractlon of micro-

" filaments in the apical.ends of cells in the’neural plate of amphibian
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" contention of Wessells et al. (1971) that cytochala i

42

embryos was the cause of the change in shape of the cells that facilitated
the formation of the neural groove and tube. Gustaféon and Wolpeft (1967)

state that thls morphogenetic process is fundamentally dlfferent from the

T

pparently ‘

morphogenetic processes they descrlbed in echinoid embr
what they describe as ""change fbrane tension' does not correspond
dlreetiy with cytoplasm1c contract111ty

The‘hYpothe515 suggested here for the_formation of sphincters is

LI .

based upon a series of’ co1nc1dental assoc1ations. The occurrence of
microfilaments is coincidental with the constriction of the tube; it is
not knowh if, 1ndeed, the mlcrofllaments are contractile protelns.‘

Sensitivity to CCB is c01nc1dent w1th the constr1ct1on of the tube and

the occurrence of m1crofllaments Regardless of the somewhat premature

i be used as

a diagnostic tool i e.act1v1ty, unt11 the precise nature of
its interference with cellular contractility'is better understood its

effects must_be‘interpreted advisedly.

ii) Coelom Formatton

Gustafson and Wolpert (1963b) descrlbe, in detail, the formation of
the coeloms in Psammechinus miliaris. The observatlons reported here for
S. purpuratus agree in essence with the1r account. They hypothe51zed i‘

i
\

that the motive fOrce for thg egre551on of the cells that will form the .

" coeloms and the expan51on of the coeloms is. provided by the contractlon

of filopodia. The basis of this postulation is the coineidence of forma-

tion of the filopodia with the Telease of the coelomlc cells from the

-

~
N

" archenteron and the 1ocation and orientation of the f1lopod1a dur1ng

expansion of the coeloms.



The presence of parallel arrays of microfilaments, oriented along
the maJoroaxes of the filopodia, and the reversible sen51t1V1ty of coe10m
formation to CCB lends f&:ther support to Gustafson and Wolpert's

hypothesis. The force responsible for the exnansioﬁ of the coeloms is

!
&

apparently localized within the filopodia. .

~Tilney and G1bb1ns (1969b) report similar arrays of microfilaments

in the filopodia that extend-from the secondary mesenchyme cells during
© the second phase of gastrulation ;n both Arbacia punctulata and

Echinarachnt-' azaki (1956) - and Gustafson and Kinnander

(1956) had previously_suggested that these filopodia were responsible for
the lengthening of the archenteron. Analogous observations of micro--
filaments haveubeen reported bf Gibbins et al. (1969) and Tilney and
Gibbins” (19693) for the filopodia associated with ‘the ingression and
migration of primary'mesenchyme cells. Crawford and Chia (1978) found
coelon formation in asteroid embryps to be 51m11ar1y mediated by the

4
contraction of filopadja; which they noted to contain m1crof11aments

The reservations expressed for ﬂhe 1nvolvement of microfilaments in

Sphincter formation and their sensitivity to CCB pértain as well to these

observations regarding the contraction of fllOpOdla

“y

i11) Shaping of the LarvaZ"Stomach ' -

There is an increase in size and a change in the sha?e of the larval

stomach between 60 and 72 hours after fertilization ~ The middle segment
’of 'the archenteron changes from a straight walled cylinder, to a&

P -

.:‘spindle shaped cylinder, to an obtuse cone and‘)ubles its otiginal
diameter. Tt was 1n1t1a11y hypothe51zed that this change in ‘form- could

be accomplished by regions of enhanced growth in the stomach epithelium.

l




Growth by definition, is an 1ncrease in the mass of 11V1ng‘matter /‘
(Balinsk1, 1975). It 1s difficult "to determine the mass of the tissues
of the developing d1gest1ve tract. However, there is no significant
change in the size of the cells throughout the development of the’ gut
so the increase in ce\l number provides a reasonable.approximation of

\ .
growth, 7

The number of cells innthe archenteron'increases‘linearly throughout
gastrulation. . There is a-stsequent'fourfold sigmoidal increase during
the formation of the gut. The exponentlal nature of the curve is typical
of an increase by geometrical progre551on. The asymptotlc nature of the
cessatlon of cell division 1mp11es there is some factor (or factors)

. -

limiting further cell repllcation
‘ <
The proportion of the cells present in each region of the gut changes
throughout development The proportidn of cells in the esophagus, mouth,

and coeloms increases, while the propertion in the stomach and intestine

decreases slightly. These changes_may be, at least in part,- attributed

to the growth of the coeloms and the incorporation of oral ectoderm into

the mouth; it is impossible to'di;tinguish‘the oriéins of the cells in
- counting preparations. These changes in pr ortion do not reflect the '
in¢rease in size of the reglons of the gut :Eé probably do not indicate
allometry. | | |

Treatment with colchicine effectively stopped cell division, as was

.indicated by the cell numbers in the experimental embryos. Yet, the

‘shaplng of the larval gut occurred in embryos with only the -complement of

cells normally possessed in gastrulae* "The morphogene51s of the larval
gut. proceeds 1ndependently of cell d1v151on Thus, regional enhancement

N



of cell ;eplication is probably not a mechanism contributing to the

shaping of the larval stomach.

Regions of enhanced cell replication would be expected to.display
enhanced incorporation of H3thym1d1ne and consequently greater deposition
of 511ver grains in autoradiographs The random distribution of heavy
grain dep051ts observed supports the results of the colchicine experi—
ments; alemetric cell replicationldoes not contribute to the shaping of
the larval stomach.

It must be noted that using labelled thymidine incorporation as an
_ assay for cell replication can give spurious results. The regions of
‘dense silver grains in the autoradlographs should be 1nterpreted only as
corresponding to cells that have incorporated the labelled DNA precursor;

it does not necessarily indicate that the cell is newly diVided

There were two distinct densities of 511ver dep051tion observed.

’
1)

~ The heav1est regions,‘which were assoclated with nuclei, probably corre-
spond to newly divided’cells or cells that have incorporated the label
replicating their nuclear DNA " The regions of moderate density, which
did not coire5pond with any specific region of the cytoplasm, may repre-
sentslaﬁel‘taken into the cytoplasmic pool of nucleotides, or 1abe1l
incorporated into replicated mitochondrial DNA and nuclear DNA through a
Kfepair pathway. ‘ |
Some sections contained nuclei that incorporated little or no
H3thymidine. One possible interpretation of this observation is that
) there is an asychrony of cell cycles; 'in the 24 hour labelling period’

some ‘cells replicated and others did not. The total number of cells in

the archenteron-gut increases fourfold in 48 hours;-if all ‘of the cells
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gf the archenteron participate in this increase eéch wou}d go through two
complete celi cycles. The period wogld be about 24hhours.

It is not p0551b1e to state, with any ceftainty, the.mechanismé
reépqnsible for the shaping of the larval gut .« However, the mechanisms
that participate in the formation of the sphincters may also_fun;tion in
bulging the 51des of the stomach and esophagus. Subtle changes in.cell /
shape could 1ntroduce‘the curvature into the gut eplthellum. Microfila- |
ments wére never observed in the cells df either the stomach or the : N

esophagus and the bulging is not obviously inhibited by cytochalasin B.-

[ X3

Gustafson and Wolpert (1963a; 1967) havé gttributed the-bulging of the
stomach to curvature of the cell sheét induced by changes in the extent
| 6f lateral apfosifiéh\between the cells.

It is possible that cell rearrangemeht, as describéd by Fristrom
(1976), is responsible for the-shaping of the gut.. 1f cells near both
sphincters of the-stomach shifted towards the mid-region, bulging would
result. It is necessary to control both cell d1V151on and ce11 shape
changes to be certain that one is observing cell rearrangement; owing to

this,, ﬂinshaping of the larval gut is not amenable to investigation of

...,

i)

Measurements of the-thickness of the stomach epithelium indicate

there 'is a 51gn1f1cant decrease in cell helght “petween 72.and 88 hours of
development. The th1nn1ng serves to expand the larval stomach, "increasing

its volume. It is also partly through this change that the obtuse

cone-shape of the stomach is achieved. These funct10na1 1nterpretat10ns

are speculative: and the thinning of the stomach epithelium may also serve

a purpose not related to 'the development of form in the larval gut.
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iv) Bending of the Larval Digestive Tract

ThevbeﬁAing of the digestive tract is a gradual process occurring
‘between 64' and 76 ﬁours. The esophagus and stomach remain
" . anteriorly-posteriorly aligned, while the intestine Begomes directed
antéfiorly from the pyloric sphin;ter, on the ventral side of the
stomach. ‘ »

Thewlength of the digestive tracf almost doubles during its develop-
_ment, while the blastopore (anus) and spomodéum (mouth) remain in the
same positions,.relativé to one another. uIt is'suggested that the
bending of.fhe digestive tract is a passi;é process, resulting‘from the
lengthening of the gut between two fixed points. The factor$ responsible
.for the increase in size of the larval stomach are _ - ably the cause
of the lengthening as well.

-
The formation of stf&dght tripartite guts in exogastrulae lends

support to this argumenf. The figures of Hinegardner (1975) and

_Horstadius {1973) indicate that when one end of a developing gut remains

unconstrained in exogastrulag, the digestive tract fails to bend.

" (40 hours at 15°C) inhibits coelom formation, sphinctér formation, and

" the initial stages of shaping of the,lafval gut. Embryos that were

47

exposed to actinomycin D at any stage after the completion of gastrulation -

were able to proceed with these initial morphogenetic events of gut

s

formation.
Actinomycin D is an antibiotic thought to bind directly to DNA

\

molecules and thus  prevent transcripfibn (Kersten et al., 1960). Thus,

R
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it inhibitérkNA synthesis and intérrupts the flow of genetic information
directing: the synthe51s of new protelns Preshmably,'morphogeneéic

events are directed by protelns that are transcrlbed and translated at
some time prior to the occurrence 'of the event. Accepting these '
premiSes, the .experiments with actinomycin D may bg interpreted as
‘indi;ating that the transcription&éf tbe'embrypnic genomé during gastru-
lation produces RNA that is-vitél to the morphogenesis of the larval gut.,
The 1nab111ty of actlnomyC1n D to:block gut formation after the completion
of gastrulation indicates. that the transcription of nhe genes respon51b1e

- for gut'formation is completed 20 hours before the beginning of gut

3

morphogenesis. ‘ o

‘These experiments are similar to those perfd}med by Bartoé et al.
(1966)‘and Giudice et-al. (1968). Their experiments ipvestigatéd‘the
temporal relationships between trénscription and gastrulation. Barros
et al. (1966) found that the transcr}ptlon V1ta1 to, gastrulatlon occurs

‘L:/-

_between 4 and 9 hours prior to the initial stages of gastrulatlonal

starfish Asterias forbesii. Treatment with actlnomyCLn D elthe

or after. that period did not affect gastrulation. Giudlce eg ai*f"'

report that transcription essential to gasq%ular morphogenesms in the .

urchin Paracentrotus lividus begins 12 hours before the«lnié1at10niqff

», L

gastrulation. : . : ; 5 =a"'

Actinomycin D has been used in a variety of«ex‘”‘
a‘
urchin embryos and consequently a circumspect attlt"

in embryos treated with actinomycin D. Thaler5



that thé\differential effects of actinomycin Dkon gastruiafion were, in
part, accounted for by changes in permeability to the antibiotic afgér
the elevation of the fertilization membrane. Summers (1970) was able to
obtain the same differential susceptibility to actinomycin D as other

workers, using embryos from which the jelly coats and fertilization

membranes had been removed. Greenhouse et al..(1971) demonstrated auto- .-
SN : -

l radiograﬁhically that embryos are-permeable to H3actinomycin D from

cléavage through to blastula. DeVincentiis and Lancieri (1970) investi-
gated the toxic side effects of the aptibiotic using desaminoactinomycin
C3, an analﬁgue that does not form complexes with DNA and thereby prevent
transcription. Eggs cultured in desaminoactinohycin C3 from fertilizatjon
formed feeding plutei in which the only apparent abnormalities were
somewhat shoxrter larval arms. |

| Wolsky and Woléky (1969) found that actinomycin D may cause delay of
cleavage and some chromosomal.aberrations., Kiefer et él. (1969) reported

S
additional mitotic abnbrmalifigs§$they suggested that these were the
result of the actinomycin D interfering with the transcription of RNA
coding for histone proteins. The deficiencies in histones cause aber-
rations in the formation of chromatin and subsequently the chromosomes.
Although there are undoubtedly a multitude of side effects that

result from the use of aétinomycin D for relatively long periods of time,
as a chemicaf enucleant it is widely accepted that the primary effects are
owing to its direct inhibition of transcription (Stearns, 1974; Davidspn,
1968) . »

"The results of the autoradiographic experiments with H3actinomycin D

indicate that the cells are permeable to actinomycin D both before and

49
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after gastrulaﬂion.' Within,a one-hour period, either béfore or after

gastrulatlon, detectable label was' 1ncorporated into nuclei of archen-

teron cells These results agree with the results of’ Greenhouse et al.
I'd »

(1971) who examlned permeablllty durlng cleavage The drug affects
'-enﬁryos treated for long perrods, 1nd1cat1ng that actinomycin D will
‘ eventually 1nh1b1t deve10pment regardless of the stage at which it was

;admlnlstered

o

‘Puromycin,. an ant1b10t1c regarded as a specific 1nh1b1tor of protein
synthe51s bldcks morphogenes1s of the larval digestiye tract almost
Immedlately upon appllcatlon.“ Although morphogene51s is apparently

dependent upon -continued proteln synthesis, it cannot be assumed that’ the

[
2

proteins be1ng synthe51zed at the time of inhibition are- a11 protelns

-

'1nvolved d1rect1y in a morphogenetlc event Undoubtedly, embryos at thls
‘ stage are produc1ng a varlety of proteins for various functlons (cf
ﬂSpiegel et al., 1965). ‘Interference wi%h any anabollc or catabolic
patnnayaupon which a morphogenetic event is in some way dependent could
,?oroducefthe results observed}equaliyias well. TheAimmediacy ofltransla-
tion to a morphogenetic event cannobt be determined unequrvocally"with '
1nh1b1tion experlments. g
A number of morphogenetlc’events in sea urchln embryos appear to be
directed by relatively 1ong-lived,informationa1 'RNA and reliantzupon
proteins,being s}nthesized throughout the duration of the‘event; The
initial cleavages of.the fertilized egg are thought to be programmed eyf
RNAithat‘vas‘transcribed from the maternaligenome during oogenesis
. -
(Gross et al., 1964). Gastrulation is dependent upon transcription

events which occur some time before the invagination of the archenteron

{Giudice et al., 1968). Both cﬁeavage and gastrulation are dependent S
.

4 .
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upon continuous protein synthesis (Hultin, 1961) . 'The morphogenesis of

o

the larval digestive tract appears to fi lar pattern of genetic
‘ control. | ) ‘
Davidson (1968).recognized? lasses o; gene prodn;ts that are
classified accordlng f; their ongeV1ty gene products that are very
long-lived, b) gene products that are ly long-lived, and c) gene

products that decay 1mmed1ate1y gfter ‘synthesis, He'cites as an example of

a long 11ved RNA the matern;’ messages transcribed durlng oogenesis which

remain unused until they gre translated sometlme after fertilization.
Examples of moderately long-lived RNA's include hemogldbin template RNA

in autonomously enucleated mammalian reticulocytes (Kruh and Borsook,

1956) and the gene products directing the differentiation of notochord,

somites, and anterior neural structures in the chick (Klein and Pierro,

\

1963). a-aminolevulinic acid synthetase, an enzyme that is induced by
the presence of enzyme substrate in rat liver, is apparently translated
from RNA with a hailf-1life of 40 to .70 minutes and is cited by Davidson

(1968) as an example‘of short-lived messenger RNA (Tschudy et ai., 1965)

Dav1dson et al, (1963) c01ned the term "1mmed1acy of- gene actlvlty"

r

and suggest the rate at’ wh1ch the genome is expressed in proteins is d
subtle mechanlsm for_regulatipn of cellular function. Davidson (1968)

notes that patterns of high immediacy of control (short-lived RNA) are

.

not apparent until the onset of differentiation when cells are required
to respond in their program of differentiation to their environment. The
productlon of very long lived RNA's assoc1ated with oocytes and plant

seeds .(Dure and Watters, 1965) is a. strategy of obV1ous advantage in

- §
ensuring a rapid and coordlnated ;tart to 11fe for progeny The use of

’ Tfé: ry ) ’
b ’ .
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moderately long-lived gene products %y cells that have lost their nuclei

_is clearly a strategy to ma1nta1n the fungtlon of cells that have a

PR

programmed death. The. full implications of the different strategies of
4genetic control on cellular function and development are yet to be

< : . .
realized. P { ~ Lt
N A

SUMMARY

Morphogene51s of the larval digestive tract in D. excentrtcus and

@

- .

' S. purpuratus is described.

s

Constrlctlons in the archenteron, wh1ch form the cardiac and pyloric

/
?

sphlncters, are’ accompanled by a change in the sphincter cells from
cub01da1 te wedge-shapedﬂ The aplcal ends of sphincter cells from
embryos fixed dur1ng the constriction of the archenteron: contalned an
-electro%ernse region .in whlch microfilaments could be dlscerned Tﬁe
constrletzon of’the archenteron cquld be rever51bly 1nh1b1ted with CCB 1

e

if treated during sphlncter formatlon, but treatment after the constric-

. tion has fUliy formed had no eégect; CCB treatment caused the disdppear-

'

ance of the electron-dense region and mierofilaments.“

The forﬂgtion of the‘ebeloﬁs inVGlVe; tﬁe’ehérgence of tﬁo
diverticula from the anterior end of the arcﬂ\Pteron. Coelomic cells
~extend numerous fl%ppodla to thg ectoderm and contgin arrays of'micre-
filaments erented along the major axes of the fllopodla Coelom forma-
tion was reversibly inhibited with CCB. | )

The number of cells in “the developlng larval digestive tract
increases 11near1y from 0 to 100 during gastrulatlonu and 51gmo1da11y

to about 425 cells during gut formation. Embryos in which cytokinesis

B ) /

-

52

o



‘ | ‘. . | Cw 53
had been inhibited with colchicine were able,to fofm a digestive tract -
-comprisedfof only 150 eells. Autoradiographs of enbryos that had been
exposed’ to H3thymidine during the initial stages of shaping of the gut
indicated no regions of enhanced thymidine incorporation.

Bending of the larval gut is appatent}y facilitated by a doubling
in the length of'tne diéestive t;gct~between two fixed points, the |
mouth end the anus;

The sequence of morphogenetic eventS»was inhibited ﬁﬁth actinomycin
D up to a p01nt in development Just pr1or to the completion of gastrula-
"tlon, wh11e puromycin was found to arrest development at the stage at
‘vwhich it was introduced. Autoradiographs of embryos treated w1th
H3act1nomyc1n D prior to or after the completion of gastrulatlon indi-
cated that the archenteron cells are permeable to actlnomycmn D at both -

_stages of development.
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HISTOGENEGIS AND FUNCTIONAL ANATOMY OF THE
LARVAL DIGESTIVE TRACT.

-

INTRODUCTION

The'anatomyﬁoflan echinopluteus was first described and discussed
by Miller in his seven volume memoir (1846-1854), Miuller traced the
morphological transformation of the different parts of the four-armed

13 . . .

larva into thebeight-armed larva and desciibedithe main features of

metamorphosis. Mu11er'worked almost exclﬂsively from larvae obtained

- from plangton, as a consequence he was unable, in most cases, to state

Q

to wh1chw§£EC1es ‘the larvae belonged Mortensen (1920, 1921, 1931,

l§37;¢3938) provided comprehensive descriptions and illustrations of

fover»SO species of‘echinoidllarvae,Agrown from fertilized eggs. r

-Mortensen's intention was to document the diversity of larval formsﬁand

-

, 1nvest1gate the 1mp11cat10ns these had® upon classification. of adults, .

however hlS treatise also examlnes many aspects of larval anatomy.w‘L
Bury (1896), MacBrlde (1903) and von Ublsch (1913) were the first
to examlne ech1n0p1ute1 that were f1xed, sectloned and stalned They

were pr1mar11y 1nterested in the details of development of the adult

rudiment and metamorphosis. Observations of whole larvae were d1ff1cu1t

owing to their opacity.; Histological preparation piovided the oppor-

/

and exhaustive detalls presented by these authors are, with few excep-

:;é

o tlons, the,onlyvcomplete accounts of larval development of ech1n01ds

|
Balinsky (1959) and Endo 7hd Uno (1960) descr1bed ultrastructural

aspects of the cell attachments and su ort1ng layers in ech1n01d
p 7 PP

RY

‘tunlty to exam1ne/1arva1 structure w1th greater resolut1on The'intricate_

-4
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'rblastulae and gastrulae. Woipert and Mercet (1963), Okazaki and Niijima
(1964), G11u1a (1972, 1973) and Lundgren (1974a,b) have examined cell . A’/)
junctions and attachments in stages up to early pluteus. Bacon and

Ju11er (1963) and Immers and Lundgren (1972) reported ultrastructural

' aspects of cilia and adJacent structures in early plutei. Ryberg and
Lundgren (1975) described ultrastructural and histochemical features of

- secretory cells in the esophagus of foqr—armed plutei. Ryberg (1977)

described the organization of the network of "neuron-1ike" cells within

the blastocoel of early plutei and Burke (1978) described the structure
of the larval netvous syStem of four- and eight-armed piutei.

| The behav1or of planktotrophlc echlnoderm larvae has been described
by Gemmlll (1914, 1916), Runnstrom (1918), Tattersall and Sheppard
(1934), Strathmann (1971, 1974, 1975), and Strathmann et al. (1972).
The repe;teire of'larval”behatiof»for”echinoplptei is based:upen feeding;
it includes forWard_swimming, particle capture,-}ejection of particles,
:and changing the direction of swimming {Sttathmanﬁ, 1971). |

| The larvae of most spec1es of ech1n01ds develop rapldly from egg to.
o a phase ef slow growth and development leading to metamorph051s :

CMortensen, 1920-1938), The length of'time the~embryo takes to developh
from an egg to tﬂeicommencement of feedlng determlnes, in part, the .
amount of metabolic reserve %llocated’to each egg by the'parent
‘ fSt:athmann,;1977). Therefore itiis ofrsome adaptive‘significaneeﬂthat
the embryo\rapidly Hevelop the ébility to feed. “ fgggge

The objectives of thig'portion of my research are: a) to document )

and analyse the hlstogene51s of the larval digestive tract ‘and b) to
‘ .

present a functional 1nt3§ﬁietqtlonr

: ~«§m.t» B

trpcture of the larval gut,
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RESULTS

A. late ?ﬁaStrula

. Th y-feur hours after fértilization D._excentricus embryos have

Al

,»f nearly completed'gastrulation. The embryo at this time is ovo1d in

‘ *shape 125 by 150 um, though the presumptlve ventral surface is
flattened. The archenteron has advanced four-fifths of the way across‘
the blastocoel and the tip is attached to the presumptive stomodeum by
secondary mesenchyme cells, (F1g. 38a) | |

The -archenteron is comprised of simple, columnar ep1thel1um 12t/

15 pum th1ck (Fig. 38a), The archenteron is 95 um 1n dlameter at the
base and tapers to 50 um in diameter at the tip. The ectoderm is s1mple.
cuboidal ep1the11um, 8 to 10 um th1ck "and the blastocoel contalns'
numerous mesenchyme cells scattered throughout

-
The cells of the archenteron are, at th1s stage of development,

ultrastructurally 1nd15t1ngu1shab1e. Each cell is trapeZOLdal in out- -
11ne, 12 to 15 um in helght, 8 um w1de basally, and 5 um w1de aplcally
(F1g’*39j The cytoplasm contains numeroui yolk vesicles wh1ch are

1 to 2 um in diameter and’contaln granules, efch of which is about 30 nm

in dlameter. Some yolk ve51cles appear homogeneous wh11e others have a

coarse granular appearance ow1ng1to the density to wh1ch the yplk

N

S granules are packed (Fig. 39) Yolk granules are also d1spersed through—
out" the %ytoplasm, frequently they appear aggregated 1nto clumps

(Figs. 39, 40y,

Each of the archeﬂteron cells contalns a baSally 51tuated nu

whlch 1s 5 to 6 wm 1n dxameter. The nucleoplasm 1ncludes numero
electron dense patches and one or ﬁ%&e nucleolkﬁ-each ] . 1n“

- ) SN o v Ll %a,
. 'i.'&é - S ‘. [““ £ _ i ¥ . T A
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.(Fié. 39). The nucleus is usually surrounded by a layer of rough endo-
plasm1c retrculum, which constitutes most of the rough endoplasmic
ret1culum in the archenteron cells (F1g 395, although clumps of rdbo-
somes are dlspersed through the cytoplasm (Fig. 40)

i
Each cell contains one or more promlnent Golgi bodies, usually

centrally s;tuated (F1g' 40) Each Golgi body is surrounded by
.numerous yesrcles, 100 to‘ZOO nm in d1ameter, wh1ch contain f1ne,
granular material of .medium electron-density, M1tochondr1a are dlstrib—
uted throughout the cells. Vacuoles that contain flocculent material
are restrlcted to the apical cytoplasm (Figs. 39, 40)

A single cilium prOJects into the lumen of the" archenteron from the
surface of each cell (Fig. 40). The basal body of. the cilium is formed
. from paired centrioles Orlented at right angles . to each.other. The
centrioles give rlse to a striated rootlet which extends up to 2 um

into the cytoplasm of the cells and 1s surrounded by smooth endoplasm1c e
' retlculum An array of moderately dense strands appears to pro;ect
| from the basal body of the c111um 1nto the cell (F1g 40) .

° Archenteron cells are attached near: their lum1na1 surface by small

zonulae adhaerentes; ‘no basal lam1na was- observed at thlS stage of
- development.

.

B. Prism o B ' -
. ;;§Er 40 hours of deve10pment the embryos have become early prisms,

The ent1re embryo is tetrahedral in shape, about 190 um long and 110 um

.w1de. The archenteron has contacted the ectoderm in the region of the

} presumptlve stomodeum, however, the ‘mouth is yet to form (F1g 38b)

The ectoderm that c1rcumscr1bes the -oral field has begun to thicken,

%
s
3
3
§
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anticipatory to the formation.of the ciliary band. The larval skeleton

has developed to tHe extent that arm-buds of the anterolateral and . y :

post-oral arms are discernible. o
-« r‘ ' - ~A, . &
Constrictions in .the archenteron that will form the cardiac and

pyloric sphincters are evident at this stage of development, The
.endoderm remains as simple celumﬁar epithelium, 15 um thick, except'in _ ‘ .

the conefricted fegioﬁs which have become 17 fo 19 um thick (Fig. 38b). ) 3 -;ﬁ

\‘ .
The ectoderm is simple cub01da1 ep1the11um except in ‘regions of the | ’ ]
|

presumptive c111ary band, which. tend to be columnar. The prlmary

mesenchyme cells have formed a’ syncytlum which has become the skeleto—

it A s SR T e

genic ep1the11um assoc1ated with thealarva} skeleton.n Numerous
secondary mesenchyme cells remain scattered thrdughout the blastocoel

“The eells of the archenteron, in the prism, are eesentlally unchanged
in ultrastruefural charecteristicg/from the cells‘ef the.archenteron in’

— o . * . N . :‘.
the late gastrula (Fig. 41). g ’

C. Early Pluteus - o : .

l

After 50 hours of deve10pment D excentrtcus is an early pluteus.
The palred anterolateral and post- oral arms are dlStlnCt, as 1s thqggmx
ciliarysband which outlines the oral field, | The embryo no longer sw;m;v;
forward splnnlngeabout a longltudlnal axis, but as, with the development

of the ciliary band, begun to swim as a pluteus, the oral f1e1d foremost,

w1th no rotation. The early pluteus is 210 pym long a@@ %10 um at 1ts

w
ek < o A P S D 3 i b 0 e T AT TR ] 3 S SN B e T i

greatest width, . ;ﬂw I
! feknd

" The sequence of morphogenetlc events that lead ﬁ% the formation of
\5

the larval gut is nearly completed at thls stagd}of development, although
' the embryo is still unable to feed. The stomach, esoPhagus, and

e 0y

/
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intestine are anatomical entitiés,‘and the stomodeum héé apened
(Fig. 38c). The coeioms have beco;etflattened sacs apposed to the sides
of the esophagus and.the esophageal muscles have begﬁh to form.

%ﬂe gut remains as simple columnar epithelium,_howevér:\if is
thinner than previous stages. It is now 11 toA13 um thiéi. Similarly,
' the ectodermal epithelium, with the exception of the ciliary‘ﬁand, has
tﬁinned to between 5 and‘7 uym (Fig. 38¢). |
; Aifhough the stomach, e§ophagus,.and in;e;tine'have fqrmgd, there
:are few qualitative ﬁltrastrqctural differencgs amonésﬁ the cells that
comprise these organs. Notwithstanding this lack of disparity,‘fhere :
aré notable changes in all the gut cells from thé previous stages

-

described.

There are fewer yolk vesicles per cell at this stage of development

than in gastrulae-er pfisms; The numbers of yolk vesiclés counted in+
thin sections of cells of coﬁparable size r;nged from 10 to 19 in
gastr;lae, 10 to 17 in prisms, and from 3 to 8 in early plutei (Figs. 39,
‘41, 42). “The yolk vesicleé remain the same size as the yolk veéicles in
gastrulae,wébout 1 um in diameter (Fig. 42);/ B ’47 .,

There are_numerous cistefnaebof rbugh'endoplashiéﬁfeticulum dis-
perséd throughout the cytoplasm of gut cells in early plutei, whereas
the rough endoplasmic reticulum in archenteron cells of gastrul#e was
,féspricfed to a single cisterna enclosing the nucleus (Figs. 39, 42),
As weil, there is an'appareht incregée in the:aﬁqpnt of clﬁmped ribosomal

- L

material, which has become a major cytoplasmic ¢onstitﬁeﬁt in early
pluteus cells (Fig. 42).
There were no observed changes in the ultrastructural character-

istics of organelles such as: nuclei, /Golgi bodies, cilia, vacuoles, and

59



cell attachments (Fig. 42).
- The esophageal muscles have begun to form in the early pluteus.

The cells that will comprise the esophageal muscles are derived from °

secondary mesenchyme cells which extend filopodia around the esoﬁhagus.#,‘

- The fildpodia will form a meshwork that circumscribes the esophagus and
- 1s responsible for the peristaltﬁc movements of the esOphagus..

The fiiopodiq ére uniaxial egtensions, 100 nm in diameter and up
to several micrometers in length (Fig.'43). Small swellings, iOO to
250 nm in diameter, ‘occur throughbut their length. . The cytoplasm of the
filopbdia is electrdn—dgnse iﬁ‘comparisdﬁ to the major poftionlof the
cell, and céntai%s numerous aligned filaments about 7 nm in diameter
(Fig, 43).l The cytoplasm 6f the swellings contains ribosomal.particles

in a granular-and amorphous matrix of moderate electron-density.
‘ e )

b. Four-armed Pyl uteus

Seventy—;wd hours after fertilization, D. éxceﬁtricus is a fully
formed‘pluteus, capable of collecting, ingeéfing; dige%ting, and egesting
unicellular algae, which are thevlafval fare. The lay&ai body is an
,inverted cone with the arms extehding from the perimeéer of the base of
the cone (Fig; 49). The larval mouth is situated between the antero- |
lateral arms'thch are joined“throughout most 6f their length. The
.shape of the pluteus, at this stage, indeed”resémbles-an inverted
artist's easel as Milller (1846) suggested in naming it.

The ciliary'band of the four-armed pluteus is a thickened region of
densely ciliated epiderﬁis that outlines the oral field and tréceé the

edges of the larval arms. The ciliary band functions throughout larval

>
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. life as both a locomotory and:feeding organ (Strafhmann,
second:region of dense ciliation, the adoral ciliary band, outlines the
larval mouth. The remaihing areas of larﬁﬁl epidermis are all sﬁarsely
‘ciliated, o _ r

The esophagus of the four-armed pluteus 1s a tube that connects
the mouth and the stomach (Fig. 38d). The mouth is a triangular openlné:
40 by 70 um, outlined by the adoral ciliary band. Two paib-like |
préminences form‘the‘lower lip. The stomach is large, elliptical in
shape, and occuples most of the larval body (Flg 38d). The intestine
is sausage shaped and extends anteriorly to the anus.from the pyloric
sphincter. The anus is located midventrally, immediately pOSterlor to
the ventral, transverse portion of the ciliéry band.

The upper 60.um of the esophagus in the'fOur—armed plutep§ is a
stra1ght walled tube, 30 ym in diameter, comprised of columnar eplthe‘
lium 10 to 12,um thick (Fig. 38d). The lower 40 um of the esophagus is
flaréd to 50 um in diameter and comprised of simple; cuboidal epithelium,
5 to 7 um thick. All of the cells of the esophagus appear to be of one
ultrastructural type (Fig. 44).

Each cell has a basal nucleus whlch contalns numerous dense,

granular patches and a 51ng1eve1ectron-opaque nucleolus. The perinuclear

61

cytoplasm contains a lamella: of rough endoplasmic reticulum which encloses

the nucleus (Fig. 4{),

The apicai cytoplasm contains a few scattered yolk vesicles, mito-
chondria, and vesicles, 275 um in diameter, which cont;in a homogeneous
substance of medium elecfron—density that&;ﬁains'blueégreen with methylgne

blue. In the juxtaluminal cytoplasm-theré are vacuoles that contain



membranous and amorpho:}‘material. The ground substance is predominan;1£%'; P

ribosomes and clumps of yolk granules (Fig. 44). Yo .

t
1)

EY

Each ce11 bears a single c111um arising from a depress1on in thp t.w
aplcal surface of the cell and surrounded ;t its base by a col}ar of lb
m1crOV1111 up to ‘1 um in length. The basal body consists of a pa1r of
centrioies at right angles to each'other and a striated rootlet which
extends up to 4.5 um into the cell. “The striated rootlet has associated
with it stacked lamellae and tubules of smooth enddplasmic reticﬁluﬁ

 (Fig. 44).. |

The cells are attached near the luminal surface by zonulae
ddhae;entes.and theién£i?§ epithelium is.supported by a basal lamina
which consists of fine;‘filamentous material compressed into a single: .

- sheet 45 nmcthick. |

‘The junction between the esophagus and the stomach is formed by the
cardlac sphlncter a constriction consisting of columnar mfoeplthellal
cells (Flg. 45). In the four-armed pluteus, the sphlncter cells are
Vspatuiate in outline, 13 um 10ng, 7 um wide ;pically, and 3 um wide
basally. The base of each cell appears to”be'foldéd and interdigitéted

’ with aajacent cells (Fig. 45).

The apicai cytOplasm contains numerous clear vesicles abdut 600 nm
in diaﬁeter, scatteredvciumps of ribosome; and, décasionally; yolk
vesicles (Fig. 45). The puc}eus is loéated in the basal half of the
'cellg and conﬁains granular patches of eiectron-dense material and one

or more nucleoli. ' The cytoplasm around the nucleus typically contains

rouygh endoplasmic reticulum and a number‘of Golgi bodies.
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Apposed to the bas!J”plasmalemma‘!here are thick and thin filaments

organized into striated bands. .The myofibrils are oriented circumferen-

tially and thedbkarcomere length‘is aboutJ7SO nm (Fig. 45). The basal

cytoplasm also contains numerous cisternae“of rough endoplasmic reticulum,

mitochondfia, and microtubules which -appear to extend the length of the
cell. Myofibrils also appea? infrequently in the apical ‘half of the
cell (Fig. 45).

. The\etomach in the four-armed pluteus con51sts of a s;;gle layer of
ciliated, cub01da1 eplthellum, 7 upm thick (F1g 46) Ultrastructurally,
the tlsqye is composed of a single type of'cell (Figs. 46, 47). The

nucleus of each cell has at least one electron opaque nucleolus, 0.5 um

1n dlameter aThe cytoplasm contalns vesicles that can be c1a551f1ed on

a baS1s of size and contents, into three types The most common, type A

]

:/range in size from 100 to 500 nm and contaln fine, granular mater1a1 of

1,

medium'electron-density (Fig. 47),. These small, gray vesicles are often

3

hSSOCiated With Golgi bodies. Type B vesicles are 500 to 650 nm in

. dlameter and variably contain flocculent and membranous materlal

’d,
R g. -

. (Flg 47) The third and least common.type are yolk ve51c1es, which

PR S

remaln as prev1ously descrlbed ‘

ASSOC1ated with the nucleus and the perlpheral regions of the

Iy

fstomach«cells‘are-numerous and often extensive, cisternae of rough endo—

plasmlc retlculum Bundles of rough endoplasmic reticulum that appear

/
concentrlcally wound around a core .of m1tochondr1a and free ribosomes

,were infrequently observed (Fig. 47). The cytoplasm also includes

numerous aggregates of ribosomes and clumps of yolk granules. The cilium

borne by each cell is similar in description to cilia of the-archenteron
[s] - .

cells previously described. ‘ Coe

|
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The stomach cells attach near the1r 1um1na1 surface by zonulaé \
Y \

adhaerentes and remaln apposed closely to adJacent cells throughout

~ S

the1r length. The epithelium is.supportedlby a'basalvlamina which
appears to be a continuation of the basal lamina of the esophagus.

_ The intestine of the four-armed pluteus is comprlsed of s1mp1e,
N &

squamous ep1the11um, 5 um th1ck wh1ch is ultrastructurally homogeneous

i

1n"ce11 type (Fig. 48) I

Each 1ntest1na1 cell conta1ns‘a centrally located nucleus, about

3 um in dlameter The nucleus is -surrounded w1th rough endoplasmlc
' retlculum and the basal port1on of each cell contalns numerous C1sternae
' of rough endOplasmlc retlculum Intest1nal cells each contaln a~Golgi
body that has assoc1ated w1th it numerous ve51c1es, 100 to 200 nm 1n
d1ameter, which themselves contaln fine. granular material of moderate
elgctron—den51ty A few yolk ve51c1es remain and clumps of yolk
granules are scattered throughout the cells. A few vacuoles w1th a‘
varlety of amorphous contents are usually located in the ap1ca1

cytoplasm (F1g 48).

The 1ntest1na1 cells all have a s1ng1e c111um on their lumlnal .
¢ A ]

o
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: surface (Fig. 48) : The basal body is a pa1r of centrloles, each of wh1ch”.

J' .
gives rlse to a strlated rootlet The striated rootlet extend into the

cytoplasm oriented at r1ght angles and ‘are 5urrounded by stacked lamellae

of_smooth endoplasmic reticulum (Fig. 48). The basal body serves as a

focus for'an array_of?mictotubules(whichfextend~through the cell.

The cells are.attachéd by apical zonulae‘adhaerentes and supported'

g

}/By a basal.lamina (Fig. 48). Flbers that have the axial per1od1c1ty of

' collagen are Iocated ne?r the basal lamlna 1n areas where mesenchymal

' o cells are ﬁssocxated with the blastocoelar sm-fa'ce of the mtestineé

14
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E.  Eight-armed Pluteus

e
.

Four;weéks‘after fertilization D. excentricue has become an
eight-armed pluteus (Fig. 49). Dur1ng the second week of - larval life
the posterodorsal arms grow from bétween the post-oral and and antero-.
- lateral arms (Flgs 49 50) The pre-oral arms are added to the ora1>

hood during the thlrd week after fert1l1zat1on.

The elght armed pluteus is 475 um long and 250 um.wgde*r At this
~stage of development the post -oral and posterod rs’,ad anf’,,areﬂﬂsa pm -

long and the anterolateral and pre- oral arms Are 180 um long The

c;llary band in the elght—armed pluteus is rganlzed in. a-51m11ar manner

to that of the four armed pluteus, it traJes the edges of the larval )

arms and c1rcumscr1bes the mouth (F1g nSO) As well, six c111ated lobes'

”‘grow from between the arms to become spec1allzed locomotory organs

'; (Flg 50). s "“ : o ) Lo L ;,'

Ihg esophagus in the elght armed Ppluteus is d1vrd%d 12§p twoﬁ J

' ;dlstlncéﬁrégions %&hoegpper esophagus 1§énarrow andﬂdensely c111ated

while the\lower e50phagus is bulbous and only sparsely c111ated (Flg 51).
The upper esophagus, a tube 50 um 1n length, “has an elliptical

. CTOSS- sectlon 30 by 20 ym in d1ameter (F1g 52). It is compr1sed of a

v51ngle layer of ciliated ep1the11um, the thlckness of which varles from

‘4
2 to 15 um. The cells, arranged in three tracts of columnar cells

extend the length of the upper esophagus (Flg 52). The two tracts

formlng the ventral surface of the esophagus are extensions of the

palp- 11ke prom1nences whlch are the lower 11p. The esqphageal muscles
' Ry

:v.\&
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(Fig. 52). SR AR
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throughout the length of the upper ‘esophagus withip the esophageal

at

ep1the11um ‘ ) Y

The cells of the upper esophageal ep1the11um appear to be of one

'ultrastructural'type (Fig. 53) - On its apical surface each cell bears

a single c;llum wh1ch arises from a p1t and is surrounded, . at its base, .
:vm'p'r» R

Kby a" collar of 8 to 10 mlcrOV1111 "The cilia are-of" the metazoan
type II (Pltelka, 1974), the. basal plate being elevated above the
’surface of ‘the cell. Palred centrloles, oriented at rlght angles to
_each other, and a strlated rootlet up to 5 um in length, occur ‘in the.
aplcal cytoplasm‘beneath each cilium, )

', A 51ng1e elliptical nucleus conta1n1ng scattered electron dense
‘patches, occupies the central portlon of each cell (Flg 53). -A layer
of rough endoplasmlc retlculum surrg;qu the nucleus Golg1 bodies and
scattered cisternae of rough endoplasm1c ret1cu1um are’ frequently
'observed in the perinuclear cytoplasm M1tochondrla ani-vacuoles' s
<conta1n1ng flocculent material are scattered throughout the cytoplasm
Numerous free/rlbosomes and a fine, granular ground substance glvezlhe

cells a moderate electron den51ty

The cells are attached near . their. ap1ca1 surface by zonulaeb

o adhaerentes and the entire eplthellum is. supported by a basal 1am1na

30 nm th1ck wh1ch separates it from the esophageal muscles}

‘ The esoPhageal muscles in an elght armed pluteus form a’ network of

1 to 2 um dlameter f1bers that may be up to 75 uym-in length (Flg 52)

The muscle flbers are predomlnantly a11gned around the upper esophagus,»

L

V"although short,1orthogona11y—d1rected-branches ;pnnect,adlacent bands -

o
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Muscle cells contaln a filamentous regloh, 0.5 to 1 ym wide, which
) . . } : J & ) .
runs‘thrapghout the length of the cell apposed to the sarcolemma adjacent
"~ to the esophageal ep1the11um (Flgs. 53, 54) The thick aﬂﬂ>thin fila- 5

ments are organized in-a manner 51m11ar to smooth muscle although dense
bod1es age allgned across the wzdth of the f11amentous reglon, giving the

| muscle someth1ng of a. strlated appearance (F1g; Sd) In cross sectlon
the th1ck fllaments (28 mm in dlameter) are surrounded by a reglon of -
1ntermedlate e1ectron~den51ty, 55 to 60 nm in dlameter, around the
'perlmeter of wh1ch the: than fllaments (9 mm in dlameter) are arrayed.\

x’The f1laments appear to attach to the sarcolemma .on electron dense

*

plaques. The sarcolemmamad;acent to the esophagus is’ %renulated and :

. cell, 11p'- droplets, and an e111pt1ca1 nucleus comprlse the balance of
. ﬂ {

the o}ganelles observed 1n the muscle cells of the elght %;med pluteus.'
v

On both ‘sides of the esophagus, at the base of the thin ep1the11um '

kS

' b
where the dorsal tract of columnar cells meets the two ventral tracts,

-&

g'there 15 a bundle of 6 to’ 10 axons which extend throughout the - length

jof'the upper esophagus (Flg; 56) . The axons are 50 to 270 nm in

. 'diameter and contain numerous-vesiclesrso to 80 nm in dlameter.f The
L vesiclea contain a.flocculentfmaterial of moderate electron density, as
well, some appear to contain a dense'che, "Mitochondria and microtubules

v/;;%§{¢ also contained within the axons.
Verrucosities, with vesicles apposed to the membranes, periodically
occur along the length of the axons. Some of these swellings, which may
: : A S




be terminal_regions of the axons, are apposed to the basal lamina of the

“esophageal epithelium. “

The lower esophagus is bulbous, measuring 25 um in length and 45 um

in. d1ameter (Fig. 51) It is comprlsed of cub01dal eplthe11um, 3toS um h
thlck . The tran51t1on from upper to lower esophagus is also marked by a i . Mﬁ
change in the orlentatlon of the esophageal muscles, the muscle bands of
the lower esophagus are predomlnantly directed parallel to the central
axis (Fig. ~52) .. Axons have not been_ ﬁewed in the lower portlon of
the esophagus | | | : | .

’The cells of the lower e50phagus are ultrastructurally d1st1nct

%

1

ﬂfrom the GEIIS pfﬁihe upper esophagus (Figs. 53 55) The nucleus of
: each cell is e111ptt§?; measurlng 3 by 6 um, and contalns’%%gﬁfe granular
:.chromatln predomlnantly condensed Axougﬁ the perlmeter ~ The. perlnuclear | :: =
_ cytoplasm contalns rough endoplasmgc ret&culum angwa large Golgi body.- “
Clear vacuoles, ranging in size from 0. 2 to 0. G’um, anﬂ,dlstrlbuted .%iﬂés@
throughout the aplcal cytoplasm Some of these vacuoles contain floc- 'vnivC
culent materlal.b The ground substance of these, cells is more e B
«'electron 1ucent tham that of the. upper e50phageal ep1thel1um, as well f";ij'
:ivthere are notably fewer r1bosomes The cells are attached near their |
Fap1ca1 surface by zonulae adhaerentes and the ep1the11um is supported by !
‘a basal 1am1na separat1ng it: from the esophageal muscles (Flg 55).
The lower esophagus is less densely c111§{;d than the upper esoph-
agus ThlS may be ow1ng to the cub01da1 cells of the lower esophagus
' belng less densely packed than the columnar cells of -the upper esophagus,-‘

pog the cells o@%the lower esophagus may not a11 bear a, c111um Those

"_cells that do have a C111um of 51m11ar descrlptrﬂn ‘to the’ c1lla of the :

N N e iy
- o , . . R :

~upper esophagus.
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The cardiac sphincter connects the stOmach and the‘esophagus and '
.acts as a valve that allows the enfry of food from the esophagus to the /
stochh yet ma1nta1ns a separation between the 1nterna1 env1ronments of

‘boty organs. "~- R | D DA )

The. cardiac sa§1nctervcons1sts of an ‘hourglass l1ke'\constr1ction -~

which is formed from 51mp1e, striated myoeplthe 1um 10 to 13 um thick

(Fig. 51). When the sphincter is- c105ed_i~ygf;_h. are‘spatulate in
4 B10™m &ae‘ apically
¥ate difficult to

e

‘asd!rtafﬁ rellably

The EasalUregi R e myoeplthellal cells contain str1ated

-1ameter or1ented around the perlmeter of the

g - v

he sarcomere length averages 0.9 um and ‘neither

myogibrlls,’about%‘
sphincter'(ﬁié 58)'i1 ’
‘M—llnes nor H bands were observed Thmn f11aments, 7 to 9 nm 1n d1ameter,
1nsert 1nto dense bod1es whlch const1tute an- 1nd1st1nct Z l1ne (Fig 58).
'I'he average length of the thlck, m\ents (25 nm '1n d1ameter), and
aicorrespondlngly the A-band, 1s 0 g&um The average I- band length isk f .
0.3 um “The th1n fllamen4i appear to 1nsert into electron dense plaques

subJacent to. the plasmalemma. The cytoplasm adJacent to the f11ament

Vﬁﬁw.;“‘ﬁﬁhds contains m1tochond;1a, smooth endoplasmlc ret1cu1um m1crotubules,

and B- lecogen granules. The smooth end0plaSm1c retlculum con51sts of
' ‘small clusters of ve51c1es -&nd elongate tubules~ No ev;dence of trans-

’A#'VerSe tubules ﬁBr d1ads was found..
9

'A 11pt1cal npcleus, 6 by 3 um, occuples a central p051t10n in the

-myoeplthellal cells. The perlnuckrar cytoplasm contalns a Golgl body and

cisternae of rpugh endoplasm1c ret1cu1um <In ‘some xnstances the entire




M.‘% '

. { - .. . | )’.Jy " 4‘ | | ' . i .

R '.!" . e X )
nucleus is enveloped in a single layer of'rough'endoplasmic reticulta

-
- -

(Fig. 57).

The ap1ca1 two- thlrds of the 5ph1ncter cells conékins an

'electron 1ucqnt cytoplasm wh1ch includes numerous ves1c1es (Flgs. 57,

58)1 The vesicles contain-a small "’ quant1ty of flocculent matenaal and .
S 5 T
range in size from 0.1 to 1.0 um C1rcumferent1a11y orlented myoflbrils “!
) N Q . .
occur 1rregu1ar1y in the ap1ca1 reg1ons (Fig. 58) The cells are 301nedﬁ’

near the lumlnal surfade of zonulae adhaerentes and supported basally

i

by a cont1nuat10n of the basal lamina of the esophageat eplthplium.,

LN
CRE Y
'

oy the basal lamina at the point of

The esophageal muscles insert o'
narrowest constrlctlon of the sphlncggr (Fig. S7Y There do not appear

to be any c1rcumferent1ally orlented esopﬁageal muscle bands in the

-sphlncter region. R 2 o e o

¥
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T epithelium which

The {:;yalvstomach is comprised of simple coL;“

1nc1udes at least two ultrastructurally distlnct ceih types (F1gs. 51

- .59, 61) Type I stomach cells form the maJor component of the epithe11um

o

‘and are. dlstrlbuted throughout the organ Type IT stomach cells form ,

‘-only a small fraction of the eplthellum and are restrx”ed to ahteri.or

g

. reg1ons of the stomach partlcularly to areas adJacent to the cardiac

sphlncter.

b

tg\p " B L X . S . o - . "h:
Type I stomach cells are trape201da1 in. outllne 13 to 15 um in

-

helght about 15 um wide at the base, and 6 um w1de at’ the ap1ca1 end

(Fig. 59) The luminal surface of each cell 1s elaborated 1nto numerous

o

"1rregu1ar m1crgv1111,2 €0 3 pm in length (Flgs. 52 59) Each cell has,'

.;?'a s1ng1e c111um whlch extends from a sl1ght depre551on in the cell

. o B ‘\#{

'SUrface A pa1r of centrloles, orlented at rlght angles to each other,v?

-

"7
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f- (Fig. 59).

.occur§ in the cytoplasm”beneath the cilium . Each centr1ole gives rise
t to a short strlated rootlet. The basal body of the cilium is also the
focus'ofdan array ofrmicrotubules that extenas throughout the cell.‘
The ap1ca1 cytoplasm contains two types of ve51cles Type A
ve51c1es are 0. 2 to 0.4 um - ;n diameter - gpd contaln a fine granular
| substance of medlum electron den51ty, type B ves1c1es are 0.8 to 1.0 ym
in drameter and contain a variety of mater;al, 1nclud1ng coarse granules,
gﬁlmyeiin bod1es, and mu1t1ve51éu1ar bodles (Fig, 60). Golg1 bodles occur
in the aplcal cytoplasm and are usually surrounded by numerous type A

@ ©yed e "‘l‘?ﬂslw.,;,.“ﬁ» o ol 2

vesicles (F1g 60) R o et T A KA
" " -
¢ A round nucleus, 5 Hlbln dlameter occéupies a central p051t1on in’

type T stomach cells.. Each nucleus contains peripherally condensed.:

e
<

,chromatin:and one or more nucleoli, and is itself‘contained_mithin a
“single cisterna of rough endoplasmic reticulum (hig.'SQ)} ~Rough:endo-
plasmic'reticulum also forms ciSternae which are_disposed‘throughout the -
basal'tWO-thirds of each cell subﬁacent:to the lateral plasmalemma{
M1tochondr1a and a third type of ves1c1e (C), 0 3 to 3 um in
hdlameter, dominate the basal reglons of the type I stomach cells. 9The

itype c ve51cles are osmophlllc and staln blue: green w1th methylene bl%e

o <
The stomach cells are attached aplcally by zonulae adhaerentes and --

‘rest ‘upon a basal lamlna A d1ffuse layer of flbers that have an axial

, periodlclty typ1ca1 of collﬁgen separates the stomach ep1the11um and the

. squamous ep1the11um of the somatocoels.
. a(

Type II stomach celIs are splndle shaped up to 20 um in length and

10 to 12 um at the1r greatest W1dth .The cells typlcally.contaln w1thin‘:i
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the1r cytoplasm what appear to be remnants of: whole algal cells in

various stages of digestion (F1g 61). The algal cell remnants are not

contained within any membrane-limited structure but appear as _ i!r
\ :

electron-lucent regions.in the stomach cell cytoplasm Algal cell nuclei

are recognlzable as bodles with electron-dense mater1a1 condensed around

7 s b

, th@fperlphery, a form 51m11ar to the d1gested algal cell nuclei

contaxéed*wrth1n the lumen of the stomach. e ) "Eﬁ;

Yy

M.‘ﬂﬁ@éﬁgytoplasm of the type I1 stomach cell is dominated by extensive
\

rough endoplasmlc ret1cu1um (F1g 61) The rough endoplasm1c reticulum

occurﬁgégiall regions of the cell except the areas that were formerly

algal {

dlspersed throughout the stomach cells.

cytoplasm, Mitochondria and microtubules are similarly

‘A nucleus, wh1ch is circular in out11ne and about 6 um in diameter,

is located in the basal regions of the type II stomach cell. Nuclei .

e

contain one. @r more promment nucleoli'2 ym in diameter. The nucleoli

con51st of a cortex of electron dense material surround1ng a granular

core of'med1um den51ty (Flg 61)

' The aplcal surface of the type IT stomach cells is: elaborated into

m1crov1111 in a _manner 51m11ar to type I stomach cells. | .The type II

ells are ‘attached to adJacent cells near the1r 1um1na1 surface w1th

/

zonulae adhaerentes. Type,II cells have never been observed to bear

cilia.

The pylor1c sphlncter separates the stomach and 1ntest1ne (F1g 62)

It consists of a constrlctable 0pen1ng at the posterlor end of the

u)

stomach made up of a ring of type 1 stomach cells that have in the1r

basal reg1ons a single band ofscrrcumferentlally orlented Thlck and thin N

;
\

i a

‘1 B i
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myofilaments. The myofibfil is 0.25 ym thick and does not -appear to, be
striated.
The intestine is comprised of simple™squamous epithelium,3 to S um

,

thick'(Fig. 62),. The cytoplasm of the intestinal cells contains numerous

vesicles, 0.25 to 0. S,um in diameter. The vesicles contain granular and

flocculent»material and in some 1nstances a second membrane- 11m1ted
nesicle‘is contained within the first. Similar vesicles occur in the
lunen of the intestine (F1g 62) . . i o
i, The 51ng1e cilium borne by each cell is its only apparent surface .
spec1allzatlon. The basal body of the cilium con51sts of two orthogon—
ally—directed cenbrioles,.each of whlchkglves rise to a short striated |
‘rootlet (Flg. 62). - - - R L e QN o , M

An elliptical nucleus conta1n1ng scattered patches of electron- dense

material is centrally located in each cell (Fig. 62) Mltochondrla and

- : §E§‘

o e R

clumps of free ribosomes are dlspersed throughout the cytoplasm. The ' T

.cells are attached near their aplcal ends. with zonulae adhaerentes and
the eplthellumgls attached to a basal lamlna.

The anus is a thickened ring of intestinal eplthelxum that forms a
Junctlon with the epldermls. The cells that form the anus have in their

basal reglons th1ck and th1n fllaments arranged in a manner 51m11ar to

that described for the pyloric 5phincter.fd -

T DISCUSSION
. > .

A. H1stogenesis B . .

v

The archenteron of the D. excentrtcus gastrula is comprised of cells

'which,are'uniform.ultrastructurally and relatively unspec1a11zed. During

I3

T




o ,
the transformatlon of the archenteron lnto the larval diges@ive tract

the cells remaln as a homogeneous population, although there ‘is a gradual
loss of embryonie characters amongst them. The cells that form the

esophagus, cardiac sphincter,- stomach ‘and intestine have assumed ' . o
spec1allzed structural character1st1cs by the time the larva begins to ‘
feed. The tissues of the larval gut continue to undergo structural
uspecializi}ion throughout the span of_larval life. 1 - .“.“
Vacouier (1971a) andeacquier et al. (1971) found that there is an
ﬁﬁpearance and gradud®} linear 1ncrease in a-amylase and B-1,3- |
‘ glucanohydrase act1V1ty in the guts of D. centr?cus embryos, beginning

o as the stomodeum forms. The two enzymes are _capable of d1gest1ng the

polysaccharides that form the algal cell walls d Chester, 1966).

Vacqu1er (1971b) reports that the g-1,3- glucano , is condentrated

1n ‘the tlssues of the larval gut ;ﬁVaCQUIGI (1971a) suggests that the ' .

two proteins are synthe51zed de novo as d1gest1ve enzymes and are markexs P amen

for the differentiation of the larval gut. ' : '
Vacquier (1971a) reported that the increase in .B-1,3-glucanohydrase

_activity is sensitive to treatment with cyclohex1m1de (a known 1nh1bitor

og_protein synthesis), an dbservation that suggests the synthesis of

new proteinS\isfrequired for th; increase. in B-l,3-g1ucanohydrase

act1v1ty The appearance of increased amounts of rough endoplasmic’

_retlculum and rlbosomes in the cells of the larval stomach at the early

npluteus stage (the stage at which the enzyme activity 1ncreases) supports

Vacquler s hypothesis that tissue- spec1f1c proteln synthe51s occurs at

, that time.

. . | . . . .
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Vacquier (1971a) found;that treatment of the centrifuged crude
. extract,with sodium dodecyl suifate was requlredAto release the B8-1,3-
glucanohydrase into the supernatant. He concluded that the enzyme is
' ' A
Amembrane—bound OT occurs in association'withga sedimenting particle. It'
is not unlikely that the enzyme is stored, after synthesis, in cyto-
plasmic vesicles, and that these correspond to the sodium;dodecyl
sulfate soluble particles.

In the early and four—armed plutei, there is a marked increase from
prev1ous stages in the number and size of type A ves1cles Type A
vesicles range in - size from 100 to 500 nm, contaln fine granular materlal
of medium electron den51ty,‘and are associated wlth both Golgi bodies
and the apical cytoplasm‘Of the cells of”the larval stomach These
circumstantial Hata suggest that during the early pluteus stage the cells
of the larval. stomach begin synthe5121ng digestive enzymes contalned in
cytoplasmic vesicles which are subsequently released from the apical
surface f the cells for extracellular dlgestlon ./

The stomach cells of the four-armed and elgpt armed plutei differ
'con51derably in their ultrastructural appearance although they are )

probably performing identical functions‘ The t;pe I stomach cells in
the eight- armed pluteus dlsplay a def1n1te ap1ca1 -basal polar1ty and the
allocation of organelles to specific regiOns of the cytoplasm-is’uniform :
throughout the tissue. The polar1ty of the stomach cells in the four—armed

[}

pluteus is- less apparent and the disposition of organelles appears to ... ¢ ¢
A .

occur ,with greater~1at1tude than in the type I stomach cells ‘iﬁ[?

r

[

The dlfferences it the morphology of the :Qd stages may be OW1ng to -'3

subtle dlfferences in functlon, the larva, with age, may aequlre d1fferent o q,j:

©
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dietary requirements and hence the digestive and absorbative processes l

would change. Alternatively, the ultrastructural Specializations_of

cell are realized less quickly than the functional specializations.
. Iy > ‘

biochemical differentiation of the cell may occur independently of, g

precede, theumorphdloglcal differentiation of the cell, ,}‘”ﬁ

It is without question that the organization of a c€ll and i'w}
function'ape directly related, but whether tnevstructure is achieved by
genétically controlled active ‘mechanisms, or is .'worn in' passively;
remains moot. The cells of the larval gut- may perform thevéame functions
throughout the span of larval life and it is the continual repetition of’
these t5%23 whi;h determines the state of organization of the cells.

Througnout development’ there is a gradual decrease in the number of
yolk vesicles in the cells of the embryol The assimilation of these
$tdred reserves, allocated durlng the formation of the egg, is essentp«
ally complete in the four-armed pluteus, as there are only a few _

scattered yolk vesicles rema1n1ng 1n the gut cells at this stage. The

.

yolk vesicles decrease‘in number'and not in size; their average ‘diameter

remains about 1 um throughout the, development of the gut. Apparently the
yolk granules are released into the cytoplasm by the 1y51s of the

ve51cular‘membranes. The scattered clumps of yolk granules that were

>

observed in the cytoplasm are consistent with this mechanism.

B Feeding_‘ Behavior ... =, <% . R

V7 -
ek LN . @
. , LR L
L XS :

Plutel, when feed1nga1n still water, swim with the arms directed
l

towards the surface of the water. The cilia of the c111ary/band beat

‘posteriorly, producing currents of water that pass between the larval

/

arms (Strathmann, 1971). Food particles are retained on the upstream

7.
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side of the ciliafy band, apﬁﬁ;qntly gy a loc;iizcd reversal of the
ciliary beaﬁ;fStrathmann et al., 1972). The food particles are passed
to the larval mouth by a combinatiom- of oral field cilia and water
E%rreﬁts (Strathﬁaﬁh, 1971). H

The food particles, upﬁn entering the mouthh-a;e transported down
the esofhégus by ciliary beating and peristaltic éontractions of the
upper esopﬁagus (Fig. 63)f The algal cells are collectéd and formed
into a Bolus in the lower esophagus prior to paSsagé to the stomach.
When a peristalfic wave, which has_passed dan the upper esophagus, has
completely constricted'the 10W§r end of the upper esophagus,‘tbe side§

-

of the lower esophagus contract toward the upper esophagus and4fhe
cardiac sphin;te;\is opened, everting the bolus into the stomach
tGustgfsoqvet al., 1972a). The sphincter closes répidly and the
esophagus is refprned to its rest poSition.

The cilia of the stomach agitate the bolus, break jtvup, and
circulate the food particles around the stomach. Strathmann (1971)
réporfs that ingested particles are sorted iﬁ the $tdmach; undigested
material ‘coallects. in‘the' pyloric ensi of the st;)mach and is pa‘ed to
thé inteftine wh;n the pyloric sphincter is 0pehed. Parfi;%es are
carried &o the end of the dintestine b} cilia}and ére defecated when the
anus oée s (Strathmann, 1971). . V

| LaiJae can rejéct pafticles'thaf are in tgo'high?a‘con;entration

?fé&‘ﬁod large to be completely ingested (Strathmasn, 1971, and others

listed hereiﬁ?. Particles can be rejected from the buccal cavity or
) ) - NV

upper ésophagus by reversing the direction of the effective sifok%jof

»
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. . . : . e : 2 .
the cilia (i.e., the cilia beat toward the mouth), Particles can also

be rejected fiom_the esophaguSlnrj%ver51ng the d1rect10n of perlstal-

' ]

515, the offendlng particles are regurgltated by a wave of peristaltic

v
° D e

contractlon beg1nn1ng at rhe lower end of the /igfhagus. .

C. Esophagus . , .
pnag : B ’ , -
The cells of the upper esophageal epithelium prgiqge;the ciliﬁEy

currents that assist in thd transport‘of foodyparticlgg to the lower

esophagus. Ultrastructurally, the cells are relatively unspecialized
. i F ,
in form-~ However, the elongate striated rootiets are distinctive

v

characteristics® of these cells. Pitelka (1974) stated that 6ne of the

obvious functions of basal bodies and root structures ofvcilia/was to

keep the active motor organelle firmly rooted in the cytoplasm so that

- °

it may exert force on its surroundings. »The‘leﬁgthﬁof the striated .
rootlets of the upper esophageal epithelium may indicate an enhaﬁqe—
,

ment of this‘functignﬁ

The upper esophageal epithelium”is formed into ridges that can be
seen in crossisectiOn to interdigitape,whén the esophageal muscles are
'contractéd. The constrﬁction of the,tubé?iﬁj;his manner allows‘the
lumen to become fully occluded during peristélsis. The full occlusion
acts as a one-way valve ;hat forces material to be moved exclusively
in the di;éction of the peRiStalticlwave: v . v

The epithelium of fhe léwéf esophagusAis comprised of céllg thét

g ] -
are characterized by prominent Golgi‘bodies and numerous vesiclest in

the apical cytoplasm. The lower esophageal cells are similar

"

LA
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”iqﬁﬁ' ultrastructurall? to the cells of the esophagus of Rsammechznus %
. , N ,i

) o mtltarts that were descrlbed by Ryberg and Lundgren (1975) as being , &

, b3 , -'( : i

S

secretory Histochemical techniques revealed that the secretory cells

contain mucopolysaccharlde and -that the esophagus is 11ned with simifar

a
N 4

substances (Ryberg and Lundgren, 1975) Strathmann (1971) noted
s;mllar secretory cells to occur 1n the buccal cav1ty and esophagus of
pluteL of Strongylocentrotus droebachpenets{' Apparently theJlower |
esophagps in D. excentricus is not only a bu}beus‘region for the -
collectlon of food particles, but the eplthellum also secretes muco;s ‘
, substances which probably assist in the formation Qf the food bolus. :
‘ The spatulate shape and the p11cated hase ;f the sphlncter cells
probably cohtrlbute to the ab111ty of the eplthellum to dlstend
. allow1ng the passage of fqu and vet palntalnlng the separation of
the stomach and esophagus when the sphlncter 1syclosed Being broad
aplcally and folded basally, the cells are hot requ1red to change
shape excessively when the sphincter opens and incqeases the diameter
of the .umen. - J.} o , ,
The vacuolated appearance of the apical pertlons of the sphincter
cells suggests that they may perform a seeretory functlon similar to
that of the lower esophageal epithelium. A coatlng of mucus may assist
-in blocking the lumen of the sphincter whlle “the sphlncter is closed
The orientation of thetesophageal muscles cerrelates'well‘with the -
%f swallowing act{vity of the larva”(Fig. 63). The bands are predomin-
antly c1rcumferent1a1 ‘jn. the upper esophagus where the sequentlal con-

traction of the f1bers produces, the peristaltic waves . The muscle fibers

(il* of the lower esophagus or1g1nate around~the base of the upper esopha us

s



and insert around the sphincter. Contraction of these longitudinal

N

bands opens thé sphincter and pushes the contents of the lowef/egophf
agus into the stomach. The mvoepitheliuﬁ of the cardiac ;phincter acts
antagon15t1ca11y to the Tﬁwer esophageal muscles; contractlon of the
,c1rcumferent1a11y orlented myof1br1&s~eloses the sphlncter.A,

'The esophageal mus%}es differ con51derab1y in ultrastructﬁre from
A.muszlesithat‘héve been previously described in adult echinoids as they
‘posséséiaﬁcopﬁinationiéf smboth and striated éhar§gters; They are thu§
termed p;eudos;riated. |

The musculature of adult echinoids is predominantly smooth (Hyman,
1955). There are ultrastrjctural descrlptlons of ech1n01d smooth
muscle in: tube feet (Kawagutl Q964 Coleman, -1969; Florey and Cahill,
1977), pedicellariae (Cpbb, 1968), and lantern retractor muscles (Cobb
and Laverack, 1966). Echinoid smooth muscle is comprigéd of indepeﬁdent
‘fibers contaihiﬁg fhick and thin filaments thaé are usually~oriented
parallel to. the long axis of the cell. The thick filaments are about
35 to 46 nm in diameter and the thin filaments are reported to rénge
from 5 to 10 nm it-gdismeter (Cobb, 1968; Florey and Cahill, 1977). The
xatio of thin to thick filaments is very high (Cobs~and Laverack, 1966;
| Florey and Cahill, 1877). (Florey and Cahill (1P77) report the junctiong
between.the cells to be dense regions of ~sarcolemma .and that

dies (denge bodies) are common.

Striateg fibers have been reported to occur only in éedicellariae’
adductors (Cobb, 1968) and the huscles controlling the specialized ;

rotatlng periproct splnes of Centrostephanus longispinus (Hyman, 1955).

Cobb (1968) described the ultrastructure of the striated fibers of the -

-~

Ry
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ped1ce11ar1ae of Echtnus esculentus. The sarcomere length is reported

o~
»

to be about 0,85 um and M-lines and H-bands do not occur The thick
fxlaments are about 15 nm in diameter and the thin filaments, 5 nﬁ. A
lwell developed T—;ystem forms a tubuihr framework along the.length of _
the fibefs but thére is no reéﬁlar sarcoplasmic reticulum and therefore
"no diad nor triad system. ‘J
The arrangement of the thick and thin filameqts igﬁpseudostriﬁted o

muscle in the D. excentricus eight-armed pluteus is sufficiently random

<thaa the f1bers appear smooth. There are no recognizable A- and I-bands.

\
~

There is, however, a periodic gizﬁngement of dense bodies that results
in indistinct I-lines.
The d1men51ons of the tthk filaments of the pseudostriated muscles
are. 1ntermed1ate to those of strlated and smaoth muscles of‘ech1n01ds,
the thlck-filahen;s of striated muscle‘are 15 nm (Cpbb? 1968); pseudo-
§tri;;ed,muscle, 28 nm, and smooth muscle, 35 to 40 nm (Florey hhd Cahill,
1977). The.thin filaments of all tﬁfee mus;le types range from 5 to 4§E
10 nm.
In echinoid smooth muscle the thick filaments are typically
surrounded by numerous thin filaments'th&t do not appear to have any
consistent,geomet;ic relationship with the thick filaments (cf. Cobb
¢and Laverack, 1966; Florey and Cahill, 1977); In pseudostriated muscles
the thick fllaments each appear to be surrounded by an array of 6 to 8
'lthln f11aments that remain about 20 nm from the thick filament. ‘
Regularly arrayed,thin filaments and a low thiﬁ‘tq thick filament ratio
are characteristic of striated musclei(émith, 19@5).

~'i’he striated myofibrils located in the base of the myoepithelial

cells that form the cardiac sphincter are ultrastructurally similar to.

N
2



‘of the adult muscle is 0.85 um. The A- and I-bands éomprisé similar

82
\ o

/ - .o
the myofibrils of echinoid striated muscle -(cf. Cobb, 1968). The

¢

sarcomere length of'the larval striate& myofibrils is 0.9 ym and that

-

proportionsiqf the sarcomere in both cases and neither muscle has ’ R
M-lines nof H-bands. The thin filaments of each’ type are of comparagxér\\\‘*<>\\\
diameter but the thick filaments differ; the larvai thick filaments

average 25 nm and .the adult'thick filaments arg'reported to be 15 nm
in diamgter;' Mitochondria are associated with both types of mydfibril
Put smooth endoﬁlasmic reticulum occurs only with the larval typé.

¥

In vertebrates, two morphological muscle typés, smooth and striated,

- correlate with distinctive physiological properties; in general, °

striated muscle undergoes phasic contraction and smooth muscle contracts

\

tonically (Smith, 1972). The‘situdtion'in invegtebrdte;—zg\npt nearly
so clear; the diversity of morphological types bf muscle is greater
(Rosenbluth, 1972) and the physiological réSponses of certain muscle
types depends ubon compaicated-neuromusculﬁr interactions (Lang and
Atwood, 1973). | |

Peristaltic contractions of the esophagus are distinctive in. that

N

they occur rapidly gnd irregularly. During peristaléis,the contractions

ofvthe’iﬂdividual méscle fibers last for only a brief ;;;QEE”SE\time,

s

and the muscle relaxes immediately afterwards. It is (thiqs phasic
s

activity that causes the beristaltic wave to pass the length of the

esophagus rapidly. The waves of peristaléis°are not regulargwndulations

- )
but appear to occur at infrequent intervals and in response to various

sorts of stimulation (Strathmann, 1971; Gustafson et al., 1972a). The

.combination of smooth and striated characteristics in the esophageal
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muscles may reflect their adaptation to the role the rapid peristalsis.
-
_ of the esophagus plays in the collection and transport of larval food.

The closing of the cardiac sphincter is rapid. Gustafson et al.
(1972a) recorded the act1v1ty c1nematograph1ca11y and termed it "super-

contraction" They also noted the contraetion of the sphincter is- _' L

’

followed by relaxa;ion presumably the myoepithelium acts to close the
sphincter and it remains closed ow1ng ta the form of thé tissue. ‘ 1&

The resemblance ofgthe sphincter myof1br1ls to those of. the

pedicellariae adductor muscles, and the limited occurrence of striated®

o

muscles in ech1n01ds suggests that these two muscles are functionally

similar. It is 1ikely that the striatedvarrangemenb of myofib;ils
~Lprov1des rapid pha51c responses : ’ . : . p
/ .

1

\\~ " The cardlac sphlncter }unct1ons‘%o separate the 1nterna1 ‘environ-

N\T:D
4~zments of the esophagus and the stomach.. The nece551ty for this is not

| readily apparent, but is suggested to be important by the rapid closure. ' .
~of fhe,ca}diac sphincter.‘f?} the separation were not critical, one.

wou1d<not expect the transfer of food from the esophagus to the stomach
: o . ‘
\\\\\\/ﬂ/;o dccur.withjthe alacrity with which it does. Vacquier (1971a) noted
the pH optimum of the larval digeStive enzyme, B-1,3-glucanohydrase, to
- be about 64 while.the pH of sea- -water is about 8. ~This observation
1nd1cates the envxronment of the larval stomach may differ from that of
the esophagus, necessitating the sepatat on provided by the cardiac '
sphincter. .

‘The nerve fibers located in the uppe esophagus are presumed to

control the activity of the ciliated epithelium and the esophageal

mus<les. There is physiqlggical evidence that the ciliated cells and
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the muscle-cells are at least in part, under nervous contTol Gustafson
‘and his colleagues (197Za b) have demonstrated that serotonln and Q
acetylchollne stlmulate contractlle act}vft¥j£§ﬂbhe esophageal muscles.

Macki t al. 1969 were able to’ ' $ tentials from

le et a ( ) ne ! 02 i Fm; ¥ Q
_reglons of the cidiary band durlng( _____ 1ary beat. The
\ ’ potentlals and reversal behavior were loc ed with magne51um chloride, a

&

substance known/to suppress nervous act1v1ty in vertebrates. Strathmann '
4 L4 -

(1971) reported that the reversal of beat of esophageal cilia can be

similarly inhibited. ' , A : : ' ' “

-

.The Verrucosities of the aiens_apposed'to both ciliated and muscle
Cells may be'synapses, even though reglons of pre- and post Synaptlc
membrane specialization are lacklng ' Cobb and Pentreath (1977) 1nvest1-

| gated the ultrastructure. of nerve terminals in the radial nerve cords of

_ <;~ adult starf1sh and found no spec1a112at10n of synaptlc membranes . They
-have urged caution in the 1dent1f1cat10n of synapses suggesting that
the sites of neurotransmltter release in echlnoderms are not as morpholog-
ically distinctive as in vertebrates Whether the verrucosities
descrlbed here are functional contacts between the axons and the
effector cells cannot be concluded w1thout defined morpholog1ca1 charac-
terlstlcs for synapses in echinoderms. .

Ner;ous tlssues were not observed in the lower esophagus nor ‘
associated w1th the cardlac sphincter. Yet the muscles of " the iower

N3

esophagus and the myoepithelium of the cardlac sphincter act in a
coordinated manner. It is possible that 1mpulses,Astimu1ating contrac-
tions, are transmitted either within the epithelium of the esophagus or

the meshwork of the esophageal muscles.

TR



'D. Stomach - . : . : .
Strathmann (1971) reported.that several species of diatom'an&;;leen
’hlgae‘undefwent raptd disintegration after entering the .stomach of _ - ,
Iechinoplutei. The coincidencé of appéarance of the type A yesicleé-with
tﬁe beginning of-production‘of digeséive é;zfmes, and the'aggoéiation of
the enzymes with_particlesv(Vacqul_r, 1971

»

", suggests that type I
stomach cells secrete digestive enzyﬁés in

the stomach, ‘ » - )

Type B vesicles have various contepts and are usually

[

%

o 2 y
the apical half of the cell. Interprgtations of theiT %unctio

equivocal; they may représent phagocytic yesicles bringing material from

the 1umen into the éells, or thexamay cofitain material béing transported ?ré
out of the cells. Immers and Lundgren (1972) observed a gradient of ‘ |
vesicles with”sihila; contents in the stomach cells off P. miltartis | )}
1igyae. They suggested that the stomach cells i st food phagocytiéally.

The accumulatien of type C vesiZles in the basal fegioﬁs of thqb *

type .I stomach cells suggests that the stomach also functions as a
storage organ. The contents of the type C vesicles have the character-
istics of lipid. Adult echinoids have been demonstrated to accumulate

reserves of both polysaccharides and.lipids in the epitgplium_of the

o - ’ B Y
stomach (Lawrence et al., 1966).

Evidently the type I cells secrete éhzymes that digest the élgalv
cells. The digestion products are then absorbed, either across the cell

" membrane or from phagocytized food vacuoles.” Nutrients in excess of the
larval demands are probably anabolized into lipids for storage.
Type II stomach cells are apparently able to ingest tomplete alga%,

cells and digest- them intraéellularly. The type II cells are restricted

T,

3
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in distribution and make up only a small proportion of the stomach epi-

theliumg‘thefr,contribution to the digestive physiology of the pluteus

is not clear. . , : J
E. Intestine = : , = . - .

- The lumen of the intestine and the cells of the intestinal epi- , = : i

. . . ' ﬂ

. . . n

thelium contain numerous vesicles of a single morphological class. The ?

a

vesicles in the cells may represent materidl being absorbed from the .
> , - : . .

digest passed on from the stomach. However, the' absence of microvilli,
lipid storage vesicles, and anabolic Brgaﬁelles such as rough endoplas- ' ; C
mic reticulum and Golgi bodies suggests that the intestine functions |,

primarily as a conductive tube for the elimination of undigested food '
materials., ' ]

2

%hebsimple nature of the pyloric sphincter, in comparison with the

cardiac sphincter, suggests that the separation required between the

stomach and intestipe is less than is required between the esophagus and

j
I

stomach.

-

o

Strathmann (1971) noted that the movement of material from the

4

o

stomach to the intestine and out of the intestine is mediated by ciliary -

i

s .

activity. The opening and closing of the pyloric and anal sphincters is

probably brought about,quite simply, by the relaxation and contraction of

N T A AR
T AR

the sphincter myoepitﬁelium.

h

>

v
L HESTER

Gustafson et al. (1972a) reported that the filling'sf the larval

U

intestine was brought about by coordination between the pyloric and anal

sphincters. When the pyloric sphincter is open and the anal sphincter is

closed,‘the\inresifﬁe fills; the opening of the anus and closing of thé

pyloric sphincter empties the intestine. No nervous tissues were

~~
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observed assoc1ated with the 1ntest1nal sphincters in D. excentrzcus
larvae, yet the intestine shows thc coordination of the sphincters
reported by Gustafson et al. (1972a) for“P. miliartis larvae. The
stimulus for the contraction or relakation of the myoep1thellal cells

apparently ar1ses or is transmltted within the epithelkum 1tse1f

. SUMMARY

The structure of “the archenteron and larval gut of gastrulae,
prisms; and early, four-armed, and eight-armed plutei of D. excentricus
are described. 4 - / |

i

The archenterons of gastrulae ana \prisms are comprlsed of a popula-
tion of cells that are uniform ultrastructurally ind relatlvely un-
spec1a112ed

Throughout the formation, of the esophagus sfomach, and intestine, -
the cells remain ultrastructurally 1nd1st1ngU1shab1e, howéver, there are
fewer.yolk vesiéﬁes aﬁd more rough endoplasmic reticulum and ribosomes
by the time the early pluteus- stage has been reacHed:

. .

The cells of the esophagus, stomacﬁ,and intestine show some
specializatioﬁ in the four—armed'fegding pluteus, howeve;, the functions
of gut cells in the eight—armea pluteus”are more readily apparent,

The esophagus is divided into twq;diStinct regions. The upper -~ i
esophagus contains prgdominantly ciliatea cells, and the(lower esophagus,
cells that evidently secrete mucus. The esophageal muscles form a net-
work around the esophagus and contain myofibrils that héve a éombina;ion

of smooth ‘and striated characters. The muscle fibers are oriented

circumferentially in the upper esophagus, where they produce peristaltic

Y
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s .
'contractions, and longitudinally in the lower esophagus where their
contraction opens the cardiac sphincter and forces the bolus of food
into the stomach. Axons, with buta;iye synapses, are assoéiéted with'
the ciliated cells and the muscles of fhe upper esophagus. ’(
| The cardiac sphincter is a ring of myoepithelium with cross-striated
myofibrils oriented around the basé of the cells which Punction in
closing the sphincter. Thé‘apical half of the’spﬁincter cells may
perform a secretory function. g

The stomach epithelium contains two cell types: type I cells
predominate ,and evidently secrete digestive emzymes, and absorb and‘
store nutrients; type II cells appa?gntly phagocytize and intra-
cellularly digest wholg algal cells.

The pyloric and anal spﬂincters are comprised of myoepithelium,
They are, however, much simpler in nature than the cardiac sphincter,
The intestiﬁe is comprised of relatively unspecializéd cells and
probably functions as a condugtive tube for the elimination of undigested

material.

I



METAMORPHOSIS AND THE FATE OF THE
) LARVAL DIGESTIVE TRACT .

INTRODUCTION

v

Metamorphosis in echinoids is a rapid and radical change in form
and habit. To comprehend the fate of the lar;al digestive tract it is
necessar; to consider metqmorphosis itself, Accordingly, the trgnsforma—
‘tion of the lafval digestive tract is investigated in the context of the
metamorphic procesées that occur in conjunction with it,

Early.in larval developmeht an invagination of epidgfmis on the
lzftfside of the _pluteus forms a vestibule _that comes to lie against the
left hydrocokl. The floor of this sac is éomprised of two tissue layers,
* ectodermal and‘mesodermal in origin, which develop througho&f larval

, , , ;
1if¢ into tbe oral half of the adult form (see review by Hyman, 1955).
At metamorphosis, the aduyﬁ‘rudiment is rapidiy everted from the vestibule
and most of the larval form is resorbed into the juvenile.

The adult digestive tract in echigoids consists of a mouth, an
esophagus, a primary and recurrent laop of the gut, and an anus. The
tis;ues that form the adult gut are de}ived from the larval gut and are\
thus endodermal in origin (Bury, 1896; MacBride, 1903). MacBride (1903)
found that the larval esophagus and mouth of Echinus esculentus degenerate
at metamorphosis and that the larval stomach and part of the larval
intestine formhthe‘primaiy loop of the adult gut. The end of the larval
intestine grows té form the recurrent ioop which‘contacts the aboral pole
to form the ;dult—anus. von Ubisch (1§13) found the primary loop i;

Psammechinus miliaris to be formed -from the larval stomach and the recur-

rent loop td be derived from the larval intestine.

' 89
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"r Bury (1896) and MacBride (1903, 1918) described histolysis of the
larval_gut during metumérphosis. The accounts of those authors stdte
that the stomach,collapses into numerous folds which nearly fill the
lumen. Largq numbers of stomach cells round up, undergo rapid division,
and migrate into a surrounding jelly layer. Thc remaining cells, which
MacBride (1918) referred to as ”isolated pockets of embryonic cells,"
become reconstituted into the adult digestive tract.: von Ubisch (1913)
reported that cells, proliferated from the visccrél layer of the somato-
coel, replace the larval gut cells to form the adult digestive tract.a
von Ubisch (1913) and MacBride (1903) reporged that the larval
epidermis is histolysized during metamorphosis and isj%ubsequently ¢
ﬁhagocytized by pigment-bearing cells. Cameron (1975) observed auto-
phagocytosis in histolysized gut tissues during metamorphosis of’
Ly techinus ptctus

l

Bury (1896) and Seeliger (1892) thought the d1550c1at10ﬂ of larval

the external aspects of-métamorphosis of D, excentricus and S. purpuratus,

and 2) to trace the fate of the larval d1gest1ve tract at metamorphosis

" in D. excentricus. Part of the resdﬁts'reported here have been published

e

elsewhere (Chia and Burke, 1978).

2 ‘\
RESULTS

A.-  Metamorphosis ‘ s

-~
iy

The period of larval development in D. excentricus and S. purpuratus

varies considerably depending largely upon the temperature and the quality
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and quantity of food. D. excentricus larvae kept at 15° to 17°C and fed
ad 1ibttum became competent to metamorphose five to seven weeks after

fertilization. S. purpuratus larvae, kept on a similar regime, were

" capable of metamorph051s after seven to ten weeks of development

A competent: larva of both spec1es may be recognlzed by the bulk of

«

the adult rudiment, which dominates the left 51de of the larva (F1g 64).
The iﬁQ{eased mass of the larva frequently causes it to sink to the bottom

of the culture dish. N
N\,

g

The adult rudiment, in competent plutei, is a discoid which is
confained within a vestibule;pf larval\epidermis, and represents the
future oral half of the adulﬁ. The;pré;umptive adulf mouth is at the K
center and adult spines.and tube feet are arrayed around the perimeter

1

(Fig. 64). The Spines, which are 70 to 80 um in length and feneétrated,

. lie oriented toward the center of the rudiment. Ossicles, which are to.

be tﬁe(gdéfes that will form the adult test also rim the rudiment Five
¥ .
triangular-sHaped teeth lie beneath the peristomal eplthellué and con-
verge on the incipient mouth.
Other than the distention of the left side of the larvaj owing to
the bulk of the rudiment, all the structures of the competeng larva
remain as they Qere during earlier larval life. However, individuals

that have been competent for several weeks begin to resorb the skeletal

rods of the larval arms, causing the arms to shérten. The stomach epi-

\

thelium of competent larvae is opaque, yellow, and contains many small
droplets of oil (Fig. 64).
Competent larvae of D. excentricué may be stimulated to metamor-

phose with a few grains of sand that has been conditipned by the presence
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of an adult sand dollar (Highsmith, 1977). In one experiment, ten
competent larvae were puf inte a dish containing cgnditioned sand and
another ten were treated with. sand thaf had not been conditioned. Only
those treated wifh conditioned sand metamorphbsed. One had metamorphosed
within an hour, five more'had metamorphosed after four hours, and a

total of nine métamorphosed wifhin 24 hours. Larvae that were treated
with unconditioned sand were exposed to conditioned sénd after the
_.termination of the eXberiment; eight of the ten metamorphosed after 24

- hours.

In another experiment, f;ye competent larvae metamorphosed within
24 hours after being placed into dishes with conditioned sand for two
~hours, and then being remougs, rinsed, and put into- MFSW, Larvae
similarly treated with unconditioned sand failéd to metamorphose in MFSW,

Competent S. purpuratus larvae were found to be refractory to all
forms of stimulation that were attempted. The stimulénts tried were;
sand, rocks (both those found associated with adults and those not),.
adult spines, tube feet, feces, whole adults, glassware coated with an
unidentified algal film, and pieces of th¢ blade of Nereocystis Zeutkeana;r
Three S. purpurqtﬁs larvae metamorphosed in unfiltered sea-water, Qifhouﬁ
any apparent sfimglation.

The initial reacE}bn of competent larvae of D. excenfricus, when
stimulated, was a sustained reversal of the di;eciion of ciliary beating
and a notable increase in the movements of thé spines and tube feet within
~the vestibule. The ciliary reversal kept -the larva on the bottom of the
culture Aish._ Frequently the opening of the vestibule dilated slightly
and the larva was ab}e to attach/itself to the sand grains or the dish

with its tube feet.
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fhe first phase of metamorphosis is the eversion of the aduilt rudi-’
L “ ’

ment fFigs. 65, 66): The left post—orél and posterodorsal arms spreéd
gsértland swing. posteriorly arqﬁnd to the righflside of the larW¥. ‘The
vestibule opening Ailates and the adult rudiment>eyerts. PrioT to
metamorphosiQL the rﬁdiment ig slightly concave and the 5piné§ are
orieﬁted fadia}ly.towards the adult mouth. During.eversion, fhelcénter
‘of the rudiment is forced out and the-oral surface becomes convex Qith N
the spines directed away from the_a&ult mouth. The extrusion of th;
rudiment is similar to the reversal of concavity observable at the

fingertip of a rubber glove. ' This process{fy D. excentricus can be

completed in 3 to 5 minutes and is accompanied by violent vibrating and

ot
shuddering of the larva. o

Following the eversion of the rudimenfl the epidermis at the tips
of the larval arm; becomes opaque white ;;HL
rods (Figs. 65, 66). The larval epidermis is then gradually drawn toward
the rudiment, collapsing the larval form into a mass on the aboral sur-
face of the jﬁvenile. Theicollapse of the larval form ip D. excentricus
takes from 15 to 30 mintues, though the skeletal rods remain protruding
for several hours Before they are discarded (Figs. 65, 66). A trans-
parent meﬁbrénous‘substance is also abandoned with the larval skeléton
(Fig. 66). In one instance, a larva was observed to discard a large/
portion of its epidermis which remained attached to the skeletal rods.

Metamorphosis was observed in a single specimen of S. purpuratus and
appeared to proceed in a manner idéntical to that described for D. .
excenfricus, although it required 7 hoursf:; complete,

The newly formed juvenile is hemispherical and from 250 to 300 um

in diameter, exclusive of the spines (Figs. 67, 68). The adult test,

d is pierced by the gkeletaI' (j
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spines, and tube feet form a ring around the base of the young sand

dollar or sea urchin. The body wall becomes calcified aborally and more.

A

external appendages aré added during the next two weeks of development.
A thin epithelial layer covers the oral surface until the'juveﬁile begins

to feed, about 'seven days after metamorphosis; The ‘spines and tube feet

[~y

remain active throughout<mét§morph&sis and immediately afterwards the °

.

juvenile uses these to move. Newly metamorphosed juveniles are able to

attach themselves tenaciously to a surface with their tube feet and right

1

themselves if inverted. o h

N, -

The external aspects of metamorphosis are, at this stage; complete.
S , S

- / )
However, the tranmsformation of larval tissues into adult tissues requires

several days to be accomplished. *

B. __Changes in Larval Structures at Metamorphosis

The epidermis of competent larvae of D. excentricus consists of

simple, squamous epithelium except in regions of the ciliarf band which
are comprised of columnar, ciliated cells and nervous tissues.
oo - “
The squamous epiderm;1 cells are from 0.5 to 3 ym thick and 5 or

6 ym in diameter. Each cell has ah elliptical nucleus which contajns
’(relatively homogeneous chromatin and scattered electron-dense regidns.
All of the cells bear on their externmal surfa;e a single ciliuh‘ The N
cytoplasm contains mitochondria, clumps of fiboé%mes, a cisterna of rough
endoplasmic reticulum surrounding the nucleus, pairéd centrioles, and a
short striated rootlet associated with the cilium. The cells are attached
with septate junctions and rest upon a thin basal lamina.

The ciliary band is a thickening of the epidermis that outlines the

oral field and traces the edges of the larval arms. The ciliary band is

[-]
a
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comprised of spindlé-shaped ciliated cells which span the thickness of
the bahd and taper at their apical and Bésaf‘ends. ﬁérve cells are
located‘élong the edges of the band. In a central position at the
base of the ciliated cells a tract of axons éens.throughout the leﬁg;h

.

of the band. The structure of the larvél nervous system has been
‘ deseribed by Burke (1978). ° _ .‘ ' @

Duringlthe phase of metamorbhosis in which the larval form é011apse§3,
the'epidermis in D. excentricus undergoes a series qf degenerative changes.
Ail.of tﬁe'epidermis, except fhe fegions that formed the vestibule,
dissociates into cluﬁps'of rounded cells (Fig. 69). The cells lose their
surface q;abofétiOHS'and their apical-basal polarity. Most of the cells
retract their ciiia into the cytéplasm (Fig. 70) . Some cells undergo

cytolysis and all the epidermal cell nuclei become pyknotic and

fragmented (Fig\ 70).

LY
Y

The t%ssués thaf comprise fﬁe digestive tract of competegf”larvée
are as they were described previously for tﬁe éight—armed plugéﬁsf During
metamorphosis, the cells of the esophageal, stomach, and‘intestinal epi~
thelia detach from each other and rouﬁd up (Fig. 69). The gut cells,
like the epidermal cells, lose thir/sdrface elaborations and their
apiCalJbaSal polarify. Cilia can be seen to be drawn into the cytoplasm
(Fig. 70). The nuclei of the gut cells remain as they were prior‘to
metamorphosis,'each'containing scattered clumps of granular electron-denSe
chromAEinf‘)

Forty-eight hours after metamorphosis, the gut cells are loosely |
organized into a tube which convolutes through the young sand dollar

(Fig. 71). The gut is still limited by the squamouscepithelium of the

'
+
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somatocoels. The gut cells do not fbrm a proper tissue layer as there
. . - \ b B
. 5
are'no cell junctions and the cells lack polarity. The gut cells contain

within the1r cytoplasm. celluIar debris from the larval epldermls (F1g 73).

The degenerated ep1derma1 cells are enclosed w1th1n vacuoles, up to

g
3.5 um in diameter, frequently two or more celds will be contained within

the same vacuole and each gut cell may contain two or more vacuoles

(Fig. yS). The.vacuoles appear to be undergoing a séguence of condensa-

)

tion to an electron-opaque lysosome.

-

Seven days after metamorph051s, Juvenlle D. emcentrzcus have ‘a fully
formed and functlonal gut (Flg 72)y. The gut ascends. from the mouth,
loops around the perlphery of ‘the ‘sand dollar, and then turns back upon
itself leadlng to the anus. There is a bifurcation in the initial loop

where the siphon has formed. The densely stéining Iipid‘vesicles from -

N

the larval gut are g?sprictedi%o the initial loop of the juvenile gut,

The entire gut, remains enclosed by the squamous epithelium of the

.

somatocoels,

e

. 5, - _ ,
The gut cells have rea8sociated to form a simple columnar epithelium,

10 wm thick (Fig. 74). Except for the disposition of the lipid vesicles,

. : - - J\>
there do not appear to be any regional specialization§ of the gutg:éﬁls

Lo
\

at this stage of development.

. The cells are each about 5 um wide and contain a basally situated
nucleus, 3.5 um in diameter (Fig. 74). Cisternae of rough endoplasmic

reticulum and mitochondria” are numerous in the basal regions of the cells.

. Vacuoles, 0.5 to 0.75 um in diameter, containing mYelin figures and

Moderately dense, granular material commdg}y occur in the apical half of

the cells (Fig. 74). There is also a second class of vesicles dispersed

{
A4

96



¥

through the apical portion of the'cells; these are 200 to’250 nm in
'dj;;efer and contain flocculent material. The only elaboration of the
apical surface of the cells observed was a-siﬁgle cilium which had |
associated with it orthogonally oriented centrioles and a short striated

rootlet. The cells are attached apically with zonulae adhaerentes and

supported on a thin basal lamina.

DISCUSSION

The sequence of events reported here for the external’ aspects of
U ) B
metamorphosis of D, eicentricus and S. purpuratus are the same as those .

reported fbr other species of regulaiiand irregular échinoids‘(MacBridé,

e

1914; Hyman, 1955;-Hinegardner, 1969). -

Czihak (1971) reported that metamorphosis of Psammechinus miliaris

q

took several days, and Huxley (1928) refers to slow and iﬁcomplete
mepamorphosisAin Echinus miliaris. These and the prolonged ‘metamorphosis

observed in . purpuratus are probably owing to the absence of appropriat 1
. - ‘; f

‘stimuli. The demonstration of chemical and tactile cues for the meta-
morphosis of three species of echinoids (Cameron and Hinégardﬁer, 1974;
Highsmith, 1977), and the large number of benthic harine invertebrates
that require a cue for settiément (Cﬁia and Rice, ;978) suégests th;£
the general case for ﬁetamorphoéis in echinoids is one in which an
environmental factor serves to initiate mgtémorphosis.

The larval epidermis and the larval'gut,bf'D. excentricus were
obézrved to undergo histolysis during metamorphosis. The cytoiysis, .
<

pyknosis, and karyrrhexis observed in epidermal cells indicates that the
S 2 ; _ X

larval epidermis probably becomes necrotic during its collapse into the.

"



‘such as lipid vesicles, which indicate the cells are from the larval gut,

MacBride (1918) ‘reported the adult gut was derived from pockets of

SN Y

g

4
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abo¢£1 surface of thgmjuvenlle Necrosis has been demonstrated to
accompany metamorph051s in 4 wide variety of animals and is-considered
a programmed morphogenet1c event (Saunders, 1966)’.

S
. At metamorphosis, the cells of the gut apparently dedlfferentlate

from their larval state and become phagocytic. Durlng the next four

“or five days the gut cells apparently reassociate and begin histogenesis

3
/.

and differentiation of the adult gut,
Bury.(1896), MacBride (1903, 1918), and von Ubisch (19}3) all noted

the histolysis of larval tissues durlng metamorph051s However the-

i 1nterpretat10ns made here of the reorganization of larval structures

differ from the interpretations presented by those workers. MacBride

’(1903 1918) and von Ublsch (1913) reported a rapld proliferation of

cells follow1ng the histolysis of larval tissues.  Their 1nterpretat10n

o

is based upon the observatlon of a large number of rounded cells con-

ta1n1ng more than one nucleus. Ultrastructurally, thése can be seen in
kY ) \ -
D. excentricus o be the epidermal cells containing fragmented nuclei

and the gut ce%ls contalnlng phagosomes; MacBrlde (1903) suggested the ~

H

,phagocytes were or1g1na11y larval p1gment cells and von UblSCh (1913)

thought they or1g1nated from the somatocoel epithelium, - It is possible |

now to recognize ultxastructural characterlstlcs of the phagocytlc cells,

e,

embryonic cells. However, the remnant lysosomal vesicles observed in

_the differentiating adult gut indicate the cells probably originated from
the larval gut cells. Ultrastructural observations of "autoly51s in

Lytechznus pictus larvae suggest that a similar sequence of events occurs

in the reorganlzatlon of the gut in that species (Cameron 1975).

-

2



The esophagus, esophageal muscles, stomach, and intestine of D.
excentricus>1arvae were all observed to histolysizé during metamorphosis-.
However, unlike the stomach éells, the cells of the other parts of the
larval gut preserved no characteristic organelles that allow tﬁeir
idehtification after they had diséociated‘and dgdifferentiated. It is-
surmised.that they all participated in the phdgocytosis—rediffgrentiétion 
séquence as remnant lysosomes were observed in all regions of the
juvenile gut. The restriction in thevdistribution of the lipid,vesicfes

. to_éz; primary loop of ;he juvenile gut ipdicates that, as MacBride
(1903) and von Ubisch (1913) feported, the larval stomach forms the
‘adult primary loop while the larval iﬁtestine prébably forms. the - -

recurrent loop. The exact fate of the cells that formed the larval A
esophagus is difficult‘to ascertaiﬁ,élthough, based on propinquity, they .
probably form the adult esophagus.

Structures not readily incorparated into the juvenile, such as the
larval skeleton, aré ébandoned, while larQal tissues that_a;e special«
ized for the p}ankfonic habit, such as thé/larval épidérmis and ci}iary
bands; are incorporated into tissués’that are transformed into adult
tissueé; Thu;, the phagocytized cells may be made“availableJas resoufcgs
for the deVélopmgnt of thé'juvenile. Saunders (1966), in di;cussing the

' dispositibn of the products of cell death, suggested fhatﬁhithout direct
evidénce it 1is '"gratuitous'" to imply that necrotic cells are actually
contributiﬁg to the remainin; tissues. M

It is»g widely acceptedlidea tbat one of the advantages to an
organism of a life cycle thgt has a larval stage th;t differs in form
and Habit from tﬁe adult, is that for a timémthewo£ganism\is able to

utilize the resources of an environment that are not available to the

o
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adult, Thg accumulation 6f lipid in the stomach celis of the larva, and
_the subseqﬁent transformation of the lafval‘gut ipto the adult gut,
enable the benthic juvenile ‘?9 grow and develop oﬁ metabolic resourcé:;
_;equgstered ffom a planktonic environment. The cells of the larval epi-
dermis and c1llary bands may be 51m11ar1y viewed as belng derived, at
leas; partly, from ?laqktonic,feeding.
B Tﬁe pleuropotency of the gut cells and thé apphrent programmed death
of the larval epidermal cells suggests metamorphosis involves the
éxpression of previ9usly unused regions of the genome. The larval tissues
respond, in an apparently coordinated manner, to a stimulus that in a very
brief period of time induces radical changes in the cell's state ofi ’
differentiation. The nature of the %eceptors, mechanism§ of conductiqn;

~and the means of eliciting the cell's response remain the most enigmatic

- questions of echinoid metamorphosis., : °

SUMMARY

. External aspects of metamorphosis'of S. purpuratus and D,

. w

excentricus are described and the reorganlzatlon of the larval gut 1nto

the adult gut is examlnéd histologically and ultrastructurally in D.

excentricus.

- Metamorphosis begins with the)dilation of the openifig of the vesti-

_ bule containing the adult rudiment. The left post-oral aﬁd posterodorsal
larval arms are swung to the right side and the. adult rudlment is everted.
The epidermis at the tips of the larval arms is plérced by the larval

« skeleton and the larval epldermls is w1thdrawn 1nto the aboral surface of

the juvenile. The larval skeleton is dlscarded. Metamorphosis ié

accomplished in D. excentricus in less than one hour.
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The -digestive tract and larval epidgrmis undcrgé histoly#is during
metamorphosis. Thef gut cells dedifferentiate and fhe epidermal cells
appear to become necrotic. After metamorphosis the gut cells phagocytize
and intrééelluarly digest the epidermal cell debris. Seven days after
metamorphosis, when khe juvenile begins to feed, the gut cells have reas-

sociated and the histogenesis of the adult gut has begun.
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f Figure 1. Nomarski différential ihtefference contrast (DIC) images
of-gaétrulae-of Strongyloeentrotus purpuratus 44 hours
BN ~after fertilization; a) before -treatment to dissociate the
, ectoderm (ec) (see text), and b) after tredtmént. The
archenteron (ar) and the p}imary mesgnéhyme (pm) remain
2 ;ithin the blastocoel (bl) and with a 100X objective cells

| can be readily counted. Bar = 20 um.
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Figure 2,

Nomarski DIC images of S. purpuratus embryos; a) 38 hours
after fertilization, during the first phase of gastrulation;
b) 40 hours after fertilization, during the second phase of
gastrulation; ¢) 59 hours after fertilization, during the
formation of the coeloms (ce); and d) 61 hours after
fertilization, during the formatién of the cardiac spbincter

(cs). ar - archenteron; pm - primary mesenéhyme; sm -

secondary mesenchyme. Bar = 20 um.
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-
Figure 3. Nomarski DIC; images of an S. purpuratus embryo 72 hours
" after fertilization, a) ventral view, and b) lateral view.
ce - coeloms; cs = cardiac sphincter; es - esophagus;

in - intestine;.ps - pyloric sphincter; &k - skeletal rod;

st - stoflach. Bar = 20 um.

Z
-

Figure 4.' Nomarski DIC images of an S.zpurpuratus larva 88 hogrs
after fertilization, a) ventral viéw, and b) lateral view.
Note the material in the stomach (st)»indicating the iarva
has begun to féed. cb - ciliary band; m - mouth,

Bar = 20 yun.
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Figure 5. Nomarski DIC images of Dendraster excentricus embryos:
a) 26 hours after fertilization, b) 33 hours, c) 424hours,
d) 50 Hours. ar - archenteron; cb - ciliary band; ce -
coeloms; cg - cafdiac sphincter; es - esopﬁégus; m ~ mouth;

sk - skéleton; sm - secondary mesenéhyme; st - stomach;

pm - primary mesenchyme. Bar = 20 um.







‘Figure 6. a} Ventral view of¥a 72 hour embryg of S. éurpuratus

| ghowing cells thaf wgéibform the ventral dilator muscles
(dm) extending from the cbeloms‘(ce). b) Lateral view
of a 66 hour 5. purpuratus embryo show1ng the hydroporlc

canal (hcl extendlng from the left coelom.

es - esophagus;,sk - skeleton; st - stomach; Bar =_29 pm.

Figure f; The blane‘of_fogus—df this Nomarski DIC image is At the
| surface of the esophagus of ‘a 90 hour pluteus of 8.
purpuratus. The esopﬁageal muscles (ésm), which arise
from cells af the edge of the coelom, can be seen

‘circumscribing the esgphagus.  Bar = 20 ym.
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/’Figure 8. (a, b, c, d, e). Scale drawings made from fixed S.

purpuratus embryos; depicting the morphogenesis of the

. . . el
larval digestive tract. Bar = 50 um. .

°
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Figure 9. A time-line showing the sequence and duration of
morphogenetic events observed in the development of

the larval digestive tract in S. purpuratus embryos.
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Figure 10. (a, b, ¢, d, e). A series of micrographs demonstrating
the constriction of the archenteron that results in the

formation of the cardiac sphincter in S. purpufatus

embryos. Bar = 10 ym.
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Figure 11.

a) Transmission electron microscopy (TEM) of cells in the

presumptive sphincter region of the archenteron of a

S. purpuratus embryo prior to the formation of the

constpipfion. b) Cells of the presumptive sphincter region
of a S. purpuratus embryo'fixed during the constriction

of the archenteron. c) Presumptive sphincter cells of a

S. purpuratus embryo fixed after the cénstriction of the

¢

archenteron had been completed. 1lu - lumen. Bars = 1 um.

s
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Figure 12. TEM of a section cut obiiquely through the forming cardiac
sphincter of a 60 hour S. pugpuratus émbryo. The arrows
indicate a juxtaluminal electron-dense region.  lu - lumen

of the archenteron. Bar = 1 um.

o

Figure 13. TEM of a cell sectioned parallel to the long axis of the

archenteron of a S. purpuraius embryo that was fixed
during the formation of the sphincter. The electron
micrograph details the apical regionvof a sphincter-forming
cell and the arrow indicates an electron-dense region

‘subjasent to the lumen of the archenteron (lu). . Bar = 1 pm.

Figure 14. The luminal region of a sphincter-forming cell sectioned
at right angles to the long axis of the archenteron. The
arrows indicate the filamentous nature of the electron-dense

region. Bar = 0.25 um.

Figure 15. The luminal region of a sphincter-forming cell cut in _ I

- cross-section., The arrows point out filamentous material

associated with the apicai/plasmalemma. Bar = 0.5 um.

-
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Figure 16.

S. purpuratus embryos between 59 and 60 hours of develop-
ment used in an experiment to test the effects of

cytochalasin B (CCB) on”sphincter formation: a) a 58

hour embryo prior to formation of the sphincter, repre-

sentative of embryos at the b¥ginning of thefexperiment;
b) an embfyo‘after'Z'hours of treatment wyith 5 ug/ml CCB,

the arrows indicating the region where fhe sphigfter was

_to have formed; c) a control embryo after 2 hours in
«

Millipore filtered sea-water (MFSW);”aﬁd'd) an embryo
-

that was treated with 5 pg/ml CCB for 2 hours and then

put into MFSW for 2 hours, the arrows 1nd1cat1ng a slight

constriction in the archenteron. Bar = 20 um.






Figure 17.

Figure 18.

test the effects of CCB on sphincter formation:

*

that was. treated with S ug/ml CCB for 1 hour. Note that

the constriction that was apparent at the beginning of the

~‘experimeﬁt has been relaxed. Bar = 20 ym. -

This experiment tested the effects of CCB on the constric-
tion in the archenteron after it had formed: a) an ‘embryo
62 houf® after fertilization with a fully formed sphincter

constriction, typical 6fiembryos at the beginning of the

3

experiment; b) an embryo that had been treated with 5 ng/ml
CCB for 4 hours. Note that the constriction in the

archenteron remains. Bar = 20 um.

o
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Figure 19.

v

A graphical suﬁmary of the experiments performed to

_examine the effects of CCB on sphincter formation in

S} purpuratus embryos: a) treatment throughout

formation of_tHe constriction; by treatment during .

. formation; ¢) treatmdgz after formation.
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Figure 20.

Figure 21.

S. purpurafus embryos between 48 and 62 hours after
fertilization summarizing the morphogenesis of the
coeloms: (a, b;/c) the fprmatioﬁ of the two pouches;
d) expansion 6f the coeloms; (e, f) the coeloms extending -

down the sides of the esophaéag. Bar = 20 um.

(a, #) Nomarski DIC images of coeloms, during their
formation, showing the filopédia~g;%ending'from the’

surfaces of the cells (arrows). Baf = 10 uh.

<
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‘Figure 23.

-

3

a) TEM of cells in the region of the presumptive sphincter

of embryos that were treated with 5 ug/ml CCB for 2 hours

prior to fixation. Bar = 1 um. b) The juxtaluminal region
: o

of a presumptive sphincter cell of an embryo that was

treated with 5 ug/ml CCB. Bar ='0.25 um.
. A

TEM of filopodia that ex;ena from the blastocoelar surface
of coelomic cells during the formation of the coeloms.

Arrows indicate filamentous regionms. a) Bar = 0.25 um.

b) Bar = 0.1 um. : . N
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Figure 24,

Figure 25,

S. purpuratus embryos.used in an experiment toqexamine
the effects of CCB on coelom formation: a) 66 hour
embryo prior_to/;he beginning of the experiment; b) an
embryo treated with 5 ug/ml CCB for 2 hours§ Note‘thgt

v

the coeloﬁs have failed to advance down the sides of the

esophagus as compa?d to a cont%mbryo (c) that was

treated with MFSW. Bar = 20 g o

o & =
P \

TEM of a filopodium located on the blastocoelar surfate

of a coelomic cell of an embryo treated for- 2 hours with

5 ug/ml CCB prior to fixatioh. Bar = 0.1 um.
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Figure 26. The number of cells in the developing larval digestive

4
¥

tract. Each vertical bar represents 1 standard deviation.
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Thgse embryos summarize the experiments that tested .the
. .

ability of the larval gut to form independently of cell

division: a) this embryo was treated with 5 X 1074 M
coléhicine for 24 hours; b) this is a'cohtrol‘embryo the
same age as the experimental; c) is réprgseﬁtative of the
forﬁ of the embryos at the beginning_ofkthelexperiment.‘

0

Bar = 20 um.






Figure 28,

not 1nc1ud1ng a nucleus,,and the open arrows indica

- 57

Autoradlographs of S. purpuratus embryos used to analyse
patterns of H3thym1d1ne 1ncorporat10n' a) control embryo

not exposed to H3thym1d1ne but otherwise processed like

" the experlmentals, the deeply stalnlng granules in the
o

gut wall are yolk vesicles. - (b, c) Embryos exposed to

H3thymidine during the initiél pﬁases of shaping of the"
larval gut. The large arroﬁs indicate region§’of heavy
silver deposite overqnuelei, the sﬁall arrows point out

regions of sparse dep051t10n over portions of the section

o : ~
nuclei that do not have heavy grain deposits asso¢iated
with them. ce - coelom; es - esophagus; in - intestine;

v

st ~--'stomach.” Bar = 20 um.
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: Figure 29. Thickness of stomach epithelium during development of

. : . 5
S. purpuratus embryo. Each vertical bar represents

-. the fange of the measurements taken.
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Figure 30. S. purpuratus embryos: a) 88 hours, and b) 56 hours
after fertilization. Note the thickness of the stomach

epithelium. Bar = 20 ym.






Figure 31.

ehrg

Experiments testing the effects of actinomycin D on

morphogenesis of the larval digestive tract. Embryos

. \
were exposed to XS ug/ml actinomycin D at: a) 36

hours, C) 40 hour&v e) 48 hours. The extent of

' morphégenesis of the gut was determined at 60 hours:

(b, d, f). Bar = 20 um.
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, Figure 32. A graphical summary of the effects of actinomycin D on

morphogenesis of the,larval gut when treated at various
L

" times during development.
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Figure 33.

Autoradiographs of ¢ross—s¢ctioned archenterons from

f&émbryos éultured'at different stages in MFSW containing

-

H3actinomycin D: a) 36 hour emeyb treated for 1 hour
with H3actinomycin D; b) 48 hour embryo treated for 1,

hour; c)/36/53ﬁr embryo treated for:4 hours; d) 48 hour

embryo treated for 4 hours. .The arrows indicate silver

grains. Bar = 3 ym. S
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Experiments testing the effects of puromycin on morpho:
genesis of. the larval digestive tract. Embryos were
exposed to 20 ug/ml puromycin dt: a) 487hou;s, c) 52

: . o - ’,_\Q? .
hours. The extent of morphogenesis was determined at

60 hours (b, d). Bar = 20 ym. 4 s
4
J :;HAT%
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Figure 35. A graphical summary of the effects of puromycin on the
mdrphbéenesis of the»iarval'gut when’ingroduced at

various times duringsdevelopment.
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Figure 36. A graphical represenfation of the changes inicell'shape

that were observed dufing the constriction of the

archenteron,
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Figure 37. A graphical representation of the model hyfothesizgd to _A
. v. aec0unt for the changes,in shape of thé cells forming
sphincters-in the larval‘gut of S. purpuratus.

Contractile forces*in~the apical ends of the cells cause

the cells to change in outline from square to trapezoidal.
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Figure 38. Light micrographs of 1 um sections of D. ex;entricusz
'a) late gastfula, b) prism, C) early pluteﬁs,
d) four—armed>p1uteus. a - anus; ac - algal cells;
ar - archenteron;_bp - blastopore; cs -;cardiac.sphincter;
ec - ectoderm; es - esophagus; in - intestine; pm -
primary mesgnchyme; bs - érgsumptive stombdeum; sm -
secondary mesenchyme; so - stomodeum; ‘st - stomach.

' 4
Bar = 20 um. R
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Figure 39. (a, b, c, d}. TEM of archenteron cells of gastrulae
of‘D.‘excéntrﬁéys. Bc - blastocoel; lu - lumen;

RN o

” mi - mitochondria; n - nucleus; ne - nucleolus; rer -

: »
@t

fough»”ndopfasmic reticulum; vo - vacuoles; yg - yolk

‘t\ ‘ ;
03 i s’ . s ! - B v \
granules;nyv:—,yolk vesicles. Bars = 2 fm,
> } :
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(a, b, c, d). TEM of archenteron cells of gastrulag of _

s .

D. eécentricus. c - cilium; gb - Golgi‘bddy; 3 1umen;

st - striated rootlet; ve - vesicle; yg -'yolk granule;

]

yv - yolk vesicle. Bars = 0.5 ym. '
. "
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Figure 41. (a, b, c, d). TEM of a
" D. excentricus. gb - Go
_mitochondria; n - nucle
. ) ly
reticulum; ve -«Vgs cle;
f’&/ . -' N
vesicles. “Baré = 1 ym.
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' er_ _ rough éndoplasmic.
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Figure 42,

W

(«a',} mb) .

pluteus c) cells of the .»preSumptlve esophageal epltheliun.

bars

" (a, b)-
form the esophageal muscles.

: reglons.
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Bars,=’0625 um.,
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Arrows 1nd1cate f11amentous
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TEM of the presﬁmﬁ£1ve larval stomach of an early

F110pod1a1 extens1ons of mesenchyme cells that w&ll
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Figure 44. (~a; b c). TEM of the esoph’ageal epithelium of 2
- four-armed pluteus of D. excentm’s c - cilium;
. . esm - esophageal muscles; 1li - 1lipid; lu - lumen;
'\ ’ mi - mitochorfdria;' n - nucleus; ne - nucleolus;
sef - smooth endoplasmic retlculum, sr - striated
»
rootlet yg - yolk granules yv - yolk ves1cles. '
Bar = 1 um. | |
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Figure 45,

- nucleus; ve - vesit

-(a, b, c, d).- TEM of the myoepithelium that comprises the

cardiac sphingfer in a four-armed pluteus of D. excentricus.

. : . ) :
bc =-blastocogl; bl - .basal lamina; lu - lumen; mf -

myofibrils; mi - itochondria; mt - microtubules; n -
idles. In a) bar = 2 ym, and in b), ¢)
and d), bars = 1 um. . ’ = .' - ’ o

%






Figure 46.

(a, b, C, dliﬂbﬁpithelium of the stomach of a four-arméd

pluteus of D. excentricus. bl - basal lamina; gb - Golgi

P

body; lu - lumen; n - nucleus; ne - nucleolus; ri -
ribosomes; rer - rough endoplasmic reticulum; ve, - type
A vesicles; vey - type B vesicles; yv - yolk vesicles.

In a) and b), bars:= 2 ym; in'c) and d), bars = 1 um.
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Figure 47. ¥a, b, €, d). Epithelium of the stomach of a four-armed

Y

pluteus of D. excentricus. bl - basal lamlna gb - Golgi

body; mi - mitochondria; n = nucleus; ne - nucleolus; ri -

q

rlbosomes, rer - rough endoplasmic ret1cu1um, ve - typg

\

A ve51c1es;.veB - type B ve51c1es yg - yolk granules.

Bars = 1 um. *
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Figure 48.

' ) .
» ~

(a, b, (c,‘d)f Epithelium of the iﬁtestineﬁof a four-armed

pluteus of D. excentricus. ' bl - basalwéémina; cr -

" centriole; 1lu - 1umen;’m; - migrotubulé; n - nucleus;

rer - rough ehdoplasmic reticulum;'sér, smooth endoplasmic
reticulum; sr - striated Footlet; ve’- vesicle; yv - yolk
vesicle. In a), b), and d), bars =1 up; in c), bar =

N . . 2 s ) ° . X .

@

0:5 ym.
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Figure 49. Scale drawings of: a) four-armed, b) 'six-armed, and

¢) eight-armed plutei of D. excentricus.
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. Figure 50.

o

(a and b) Scanning electron m1crographs (SEM) of

>e1ght armed plutei of D. excentrzcus, with detalls of:

—

c) the mouth,Aand‘d) the anus. d - -anus ; acb - adoral
« ciliary band{ al.\ anterolakeral aTms; cb - c111ary
band; fm - fecal ma;erlal; m - mouth; pd - posterodorsal

arms ; post-oral arms; pr - pre-oral arms.. In a)

and b), bars = 50 um, in C) and d), bars = 10 pm,

A

b
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Figure 51. -Light micrographs of: a) midsfrontal, and b) mid-sagital’
sectidps of eight-armed plutei of b, excentriqus. ad -

. a oo
adult rudiment; ¢b - ciliary band; cs - cardiac sphincter;

o .
“dm « ventral dilator muscle; ep - epidermis; in - intestine;
" les - lower esophagus; m - mouth; ps - pyloric sphincter;
- . . . v\" ° a ‘ -
sc - somatocoel; st - stomach; ues - upper esophagus.
Bar = 25 ym. // » . ' -
o
© H
. ' N |
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Figﬂre 52. a) SEM of the esophagué of a four-armed pluteus of D.

o

excentricus from which the epidermis has been removed
. o

to expose’internél structures. Bar = 2 um.
b) Light micrograph‘of a cro§§—section of the_upper!
esophagus of an eight-armed pluteus of D. excentricus.

Bar = 5 um,

o

’

c) SEM of the esophageal muscles of an eight-armed

- 2

piﬁteus of D. excentricug. Bar = 1 ym.
ce —Ocoelém; dect - dorsal ciliated tract; esm - .
esophageal muscles; les - lower esophagu§; lu - lumen;

. . v . E
mv - microvilli; ues - upper esophagus; vct - ventral

T ciliated tract.
-

raws Ay
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a) Mof a cross-section of the upper esophageal
epithelium, b) TEM of a cross-section of the lower .

esophageal epithelium. esm - esophageal muscles;

1w - lumen; n - nucleus. Bars = 2 um,

s
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Figure 54.

.-\\';—’

\.
N

-

(a, b, ¢, d). TEM of esophageal muscles of eight-armed

D. excentricus p1ute1 The arrows in a) indicate the
- ’ Yy L f .

alignment of dense bodies into indistinct Z-11nes.

bl - basal lamlna, db - dense bodies; es - esophageal

V eplthellum, 1i - lipid; mi - mitochondria; mt -
 microtubules. In a), bar =1 ums in b) and c), bars =

e '
»01% ym; in d) bar = 0.25 um.






Figure 56.

a) Cells of the lower esophageal epithelium of an

eight-armed pluteus of D. excentricus., Bar = 1 um.

b) A zonulae adhaerentes between two cells of the
upper esophagegl epithelium of an eight-armed pluteus.

Bar = 0.25 um.
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_(aAand b) Nervous tissues associated with the upper

esophageal epithelium and the esophageal muscles of

N

an eight-armed pluteus of D. excentricus. Bars = 0.5 um.

ax - axon; bl - basal lamina; esm - esophégeal muscles;

gh - Golgi bbdy; lu - lumen; mt - microtubules; n -
nucleus; rer - tough endoplasmic reticulum; sv - synaptic
vesicles; sd - septate junction (zonulae adhaerentes);

vo - vacuole.

it
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'Figure 57. a) TEM of the lower esophageal ep1the11um adjacent to

the cardiac sphlncter in an e1ght armed pluteus of

D. excentrtcus b) L1ght micrograph of a ¢ross-section
through the cardiac sphincter of an'elght—armed plutgus
of D. excentricus. C) TEM of the mfbepifhelium that
forms.thé cardiac sbhincter in an eight-armed pluteus. -
bl - baéal Iamina; cs - cardiac sphincter; es ; esophageal
epithelium; esm - gsophageal ﬁuseles; la - lumeﬁ; mf -

myofibrils; n - nucleus. Bars = 2 ym.
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Figure 58.
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T Fes

L

a) TEM Sf thg junction betweeh’two‘myoepithglial cells
in the cardiac sphincter of an eiéht—armgd D. excentricus ’
Pluteus. Bar = 0.5 ym. : ' S
b) A croés—sectioh‘of a myofiPril in the cardiac
sphinc;er of an eight-armed plyteus. Bar = 0.5 -um.
c) andfd) Myofibrils located in the basal regions of the
myoepithelium of'the cardiac sphincter in an eight-armed

: ’

D. excentricus pluteus. In c), bar = 1 um; in d), bar = , J o

0.5 um. A . o ' ' i ‘1

"adhi?éentes.

_ 3 . ,
a - A-band; i - I-band; mf - myofibril; mi - mitochondria;

mt - microtubules; ve - vesicle; z - Z-l#ne; za - zonulae
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Figure 59. (a, b, ¢). Type I stomach cells of eight-armed D.
' excentricus plutei. bl - basél lamina; co - collagen;

lu - lumen;jmi = mitochondria; mv - microvilli; n -
nucleus; rer - rough endbplaSmic reticulum; ve, - type

A vesiéles; veB - type B vesicles; veC - type C

vesicles. In a), bar = 2 ym; in b) and c¢), bars =1 um.

~-
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Figure 66. (a, b, ¢, d). Type I stomach cells of an eight-aﬁﬁed
pluteus of.D. excentricus. gb - Golgi bodygzﬁi.—
mitochopdria; mt_-,mic;otpbules; mv - micrbyilli;‘

n —‘ﬁucleus; rer - rough endoplasmic reticulum;lveA;—'
type A vesicles; vep < type B yesicles; ve. - type C

‘vesicles. Bars =1 um.

"






Figure 61.

(a, b, c). Tyﬁe II stomach cell of an eight-armed D.
excentricus pluteus. ac - algal cell; an - algal cell
nucleus; mi - mitochondria; mt‘-‘microtubules;'n»-

nucleks;\ne - nucleolus; rer - rough endoplasmic

reticulum:\mgn a), bar £ 2 um; in b) and c), bars = 1 pm.
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' ;Fiéa;e 62. (as b, and d) Intestinal epithelium of an eight-armed
D.“éxéentricus pluteus; tﬂe myéepiﬁhglium of the pyloric .
- ’sphiﬁcter'is figured in‘C). bl - basal-lamina; ¢ - cilium;
lu - lumen; mf - myofiﬁ%il; mi.-*mitochondria; n -
ndcleus;ave‘— vesicle. In a), c) and d), bars = 1 um;

in b), bar = 0.5 um.
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Figure 63. A graphical representation of peristalsis in the N
esophagus of pluteus larvae of D. excentricus. 'The
.seéuential contractions of the circular bands of musc1é,l
which surround the upper esophagus,lproduces a wave of
peristaisis that transporﬁs food'particles‘td the lower
esophagus (a, 6, and c). While the lower end of the
upper esophagus is occluded, contraction of the
longitudin311y—directed muscles of the lower esophagus
0pens‘thevcardiac sphinéterzﬁnd‘forces the bolus of food
into the stomach (d). ' Contraction of the myoepithelium |
of the‘cardiac-sphincter and relaxation 9f the esophageal
muscles completes the sequence‘(é). Frequently
‘peristélsis of the upper esophagus is repeated without

contraction of the lower esophageal muscles.

—






- Figufe'64.

(a, b, c, d). Competent b. excentricus larvae.

ad - adultvrudiméht as - adult splnes, lpo - left
post -oral arm; 1lpd - left posterodorsal arm; m - mouth
ov - opening of the vestlbule pra - pre- -oral arm;

rpo - right post- oral arm; rpd - rlght posterodorsal

arm, st - stomach tf - tube feet Bar = 100 ym,
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Figure 65. The sequence of metamorphosis of D. excentricus.

‘a)(Compétent 1af§a;.b) eversioﬁ of_the\fudiment, 3 to
5 minutes; cj collapéevof the larval form, 15 to 30
minufés;vd) newly metamorphoéed juvenile.

lad - adult rudiment; ala - anterolateral arms; as -
adﬁlx spines; ep —‘larvgl epidermis; ipd - left
pdsterp&orsal arm; 1lpo - left pést-oral arm; m ; mouth;
pra - pre-oral aimsj rpd“— righf'%osterodorsal éfm;

PO - rigﬁt post4ora1 ;rm; sk - larvaIVSkeletohj

tf - tube foot. Bar - 100 ym.
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Figure 66.

The sequence of metambrphosis of D. excentricus.
a) competent larva; b) aboral view of juvenile

immédiateiy after eversion of rudiment; c) cdliapse

. of the larval form; d) newly metamorphosed juvenile,

Arrows ihdicate'membranous;matefial whiéh is to be
discarded with the larval skeleton. ad - adult
rudiment; ala - gnteroléteral arms; ep - larval
epide:mis; la - larval arms; m - mouth; pra - pre?oral
arms; sk - larval skeleton; tf - tube foot. Bar =

100 ym.
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Figure 67. JuVenile D. excentricus, Ssix days“after metamorphosié:
a) aboral view, b) oral view. as - spines; m - gbuth3

t - teeth; tf - tube feet. Bar = 100 um.

C






Fig;xre 68. Juvenile S. purpuratus, six days after ngefamorphosis:
a) aboral view, b) oral view. as - spines; m - mouth;
pc - pedicellariae; t - téeth; tf = tube feet. Bar =

100 um. , ' :






Figure 69.

s

'Light micrographs of a D. excentricus larva fixed dufingr -

metambrphoéis.
a) A section.cut parallel to the oral-aboral axis of the

adulfvfudiment; The larval form is collapSing into -the

‘aboral surface of the rudiment. Bar = 20 ym.

u

b) The dissociated larval epidgrmis. The arrows indicate

’

a fragmented nucleus in an epidermai cell. Bar = 10 um.

¢ and d) Dissociated larval epidermal and stomach cells.

s

Bais = IO?ﬁﬁ;

~as - spines; ds - dental sac; ep -'larval epidermis;

n - nucleusy rc'f radial canal; sc - somatocoel; st -

stomach; vep —graidemis of the vestibule.

L






Figure 70.

TEM of a D. excentricus larva fixed during metamorphosis-

- (same specimen as in Figure 69). (a and b) Epidermal

cells during the phase¥of metamorphosis in which the
larval epidermis is drawn into the aboral sﬁrface of the
juvenile. Bars = 1 um. ' (c-and d) Oblique section through
the stomach epithelium. In ¢), bar = 2 um; in d), bar =

1 um: c - cilium; n - nucieus; mi - mitochondria; v, -
lipid‘veéicle. |
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| Figure 71.

ALY

Figure 72.

(im b, c¢).- Light micrographs of a Juvenlle D. excentricus

ﬁﬁlch was fixed: 48 hours after metamorphos1s - The sections

‘were cut at right angles % the_oral-aboral~ax1s; In a),

bar = 20 um; in b) and c), bars = 10 uﬁ.;

A juvéhile\D. excentricus which was fixed 7 days after

metamorphosis. The section was cut at right angles to the
oral-aboral axis. Bar = 20'um;
a - anus; as - spine; bw --body wall p1 - primary 100p

of the gut; rl - recurrent loop, sc - somatocoel, st -

flarval stomach cells; te - adult test; ve- lipid vesicles.






(r

Figure 73.

cell

(a, b, <, d). TEM of stomach cells from a juvenilé D.
excentficus which was fixed 48 hours after metaﬁorphosis.

Note the phagosomes containing necrotigvépidermal cells.

ly - lysosome; n; - stomach cell nucleus; ny - epidermal

cleus. ‘In a), bar = 2 ym; in b), bar = 1 um; in

w

) and d), bar = 0.5<um.






a

'Figure 74. a) TEM of the primary loop of the gut of a juvenile D.

. excentricus which was fixed 7 days after metamorphosis.

(b and c) TEM of the recurrent loop. bl - basal lamina;

lu - lumen; ly - lysosome; n - nucleus; sc - somatocoel;
’ .

’

vc - 1ipid vesicle. Bars = 1 um,

v
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