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Morphogenesis of the digestive tract of the pluteus larva of
Strongylocentrotus purpuratus: sphincter formation
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In the developing pluteus larva of S. purpuratus, the initial morphogenetic event in the
formation of a functional gut is the appearance of two constrictions in the archenteron.
These two constrictions become the cardiac and pyloric sphincters. During the 2 h in
which the constrictions form, the sphincter cells change from cuboidal to wedge-shaped,
and the apical ends of the sphincter cells develop an electron-dense region in which
microfilaments can be resolved. Constriction of the archenteron was reversibly inhibited
by cytochalasin B, although cytochalasin B had no effect once the constrictions had fully
formed. Neither the electron-dense region nor the microfilaments were observed after
cytochalasin B treatment. It is suggested that sphincter formation is initially accom-
plished by a microfilament-mediated contraction of the apical ends of the sphincter cells,
which changes their shape and constricts the archenteron.
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INTRODUCTION

It has been recognized for some time that a change in the shape of the
cells within an epithelial sheet alters the form of the sheet {1]. The thicken-
ing, thinning, folding or pocketing of an embryonic epithelium is often
attributed to this morphogenetic mechanism {2]. Microfilaments have been
found to be associated with a variety of contractile forces that change the
shape of cells, thus altering the form of epithelia.

Gustafson and Wolpert [7,8], in reviewing their descriptions of early sea
urchin development, concluded that alterations in the form of cell sheets
was a major morphogenetic mechanism involved in the formation of the
pluteus larva. They further hypothesized that the forces responsible for the
changes in cell shape are produced by changes in adhesion between adjacent
cells and supporting layers, as well as variations in the tension of cell mem-
branes. There is evidence of microfilament-mediated processes in echinoid
embryos during cleavage of the egg and migration of mesenchyme cells
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[9—11]. The objective of the research reported here was to examine the role
of microfilament-mediated contractility in cell shape changes during
morphogenesis of the digestive tract of the pluteus larva.

Morphogenesis of the larval digestive tract in echinoids is essentially the
transformation of a hollow tube, the archenteron, into a functional, tripar-
tite gut (esophagus, stomach and intestine). The simple epithelial tube is
constricted, shaped and bent by a characteristic sequence of morphogenetic
events that are amenable to experimental investigation.

MATERIALS AND METHODS

Culture methods. All embryos were reared from fertilized eggs according to
the standard procedures outlined by Strathmann {12]. Adult S. purpuratus
were obtained from Pacific Biomarine Supply, Venice, CA, or collected
intertidally from San Juan Island, WA. Spawning was induced by intra-
coelomic injection of 0.55 M KCl. Embryos developed normally in either
Millipore-filtered sea water (MFSW) or artificial sea-water made from
synthetic sea-salts (Instant Ocean, Inc.). Cultures were maintained at sea-
table temperatures at Friday Harbor Laboratories (10—15°C) or in a con-
trolled environment chamber (15°C) at the University of Alberta campus.
When embryos hatched from their fertilization envelopes and began to swim
(ca. 30 h), the first embryos to rise to the surface were subcultured and used
for experiments.

Microscopy. Nomarski differential interference contrast micrographs of live,
unstained specimens were made using the techniques outlined by Allen et
al. [13]. Specimens were immobilized by entrapment beneath a supported
coverslip.

For transmission electron microscopy (TEM), embryos were fixed for 1 h
at room temperature in 2.5% glutaraldehyde in 0.2 M phosphate buffer {14]
made isosmotic to sea-water with sodium chloride {15], and postfixed for
1 h at room temperature in 2% OsO, either in 1.25% sodium bicarbonate
[15] or 0.2 M phosphate buffer [14]. After fixation, specimens were rinsed
in distilled water, dehydrated in increasing concentrations of ethanol, and
embedded in Epon according to the methods of Luft [16]. Thin sections
were mounted on parlodion-coated copper grids and stained with 50%
ethanol saturated with uranyl acetate [17] and lead hydroxide chelated with
sodium citrate [18]. Sections were observed and photographed with either
a Philips EM 201 or EM 300,

Cytochalasin B (CB). Embryos, at appropriate stages of development, were
cultured in MFSW containing either 1 ug/ml CB in 0.5% DMSO, or 10 ug/ml
in 1% DMSO. Control cultures contained either 1% DMSO or MFSW alone.
Individual embryos were isolated from control and experimental cultures,
and put into depression slide wet chambers for repeated observations. CB-
treated embryos were fixed for TEM as stated above.




RESULTS

General observations. Fertilized eggs of S. purpuratus begin to cleave 3 h
after fertilization (15°C). Subsequent divisions occur more rapidly and, by
24 h, a morula has formed., The ensuing mesenchyme-blastula stage hatches
from the protective fertilization envelope at about 30 h. The initial invagina-
tion of the archenteron begins at about 38 h, and gastrulation is completed
by 44 h.

At the completion of gastrulation the embryo is roughly ovoid in shape,
although the ventral surface is slightly flattened. The archenteron is a blind
tube lying along the anterior—posterior axis. The tip of the archenteron is
flexed slightly toward the ventral surface and apposed to the prospective
stomodeum (Fig. 1).

The epithelium of the archenteron, in regions where the cardiac and
pyloric sphincters are to form, begins to thicken by 54 h. The single layer
of cells increases from about 3 um to between 5 and 7 um in thickness. The
cardiac sphincter begins to form at 58 h, appearing initially as a constriction
in the archenteron, 20—25 ym from its anterior end. The complete forma-
tion of this constriction takes about 2 h. The pyloric sphincter begins to
form shortly after the cardiac sphincter and also requires about 2 h to com-
plete formation (Fig. 1).

As a result of the sphincter constrictions, the regions of the archenteron
that will form the larval esophagus, stomach and intestine become distinct
by about 64 h (Fig. 1). Between 60 and 72 h the larval stomach changes

a) 40 hrs. d) 76 hrs.
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Fig. 1. Scale drawings of the transformation of the archenteron into the larval digestive
tract of S. purpuratus. a: anus; c¢: coelom; e: esophagus. i = intestine; m = mouth;s =

sphincter; st = stomach. Bar = 50 um.




from a straight-walled tube to a sphere. By 76 h the larval stomach has
expanded from its initial diameter of 20 um to a diameter of 50 um. During
this period of time, the esophagus enlarges to 40 um at its greatest diameter
and the intestine becomes 30 um at its greatest diameter. As well, between
72 and 86 h there is an apparent thinning of the epithelium of the
esophagus, stomach and intestine.

Between 64 and 76 h the digestive tract, which began as a relatively
straight tube, bends to form a J-shape, with the intestine curving anteriorly
from the pyloric sphincter.

The mouth forms between 60 and 72 h appearing initially as a small
opening which gradually enlarges to 15 um in diameter when the larva begins
to feed (88 h after fertilization, 15°C).

Transmission electron microscopy. Prior to the formation of sphincters, the
archenteron is comprised of simple cuboidal epithelium. The cells, which
measure about 4 um on each side, are connected near the luminal surface
by zonulae adhaerentes, and a thin basal lamina lines the blastocoelar sur-
face. Each cell contains numerous yolk vesicles, clear vacuoles, cisternae of
rough endoplasmic reticulum, clumps of ribosomes, mitochondria, and a
centrally located nucleus (Fig. 2a). As well, each cell bears a single cilium
on its luminal surface. Between 54 and 58 h, the cells in the region of the
presumptive sphincter become columnar and measure 7 um in height.

During the constriction of the archenteron, the cells that participate in
the formation of the sphincter change from columnar to wedge-shaped
(Fig. 2b). In specimens fixed during the constriction of the archenteron,
there is an electron-dense region, 0.1 um thick, immediately beneath the

Fig. 2. a: TEM of cells in the presumptive sphincter region of the archenteron of a S.
purpuralus embryo prior to the formation of the constriction. b: wedge-shaped cells of
the presumptive sphincter region of an embryo fixed during the constriction of the
archenteron. lu = lumen of the archenteron;y = yolk. Bars = 1 um.
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plasmalemma on the luminal surface of the wedge-shaped sphincter cells
(Fig. 3a, b, ¢). The electron-dense region consists of a fine granular matrix in
which microfilaments can be discerned. The microfilaments within the
sphincter-forming cells appear to be aligned circumferentially (Fig. 3b, c, d).
In some sections the microfilaments are sparse and short, while in others
they are more abundant, and occur in lengths up to 0.7 um. The luminal
surface of the wedge-shaped sphincter cells also appears to have a greater
density of 0.5 um-long microvilli than adjacent cells.

Sphincter cells in embryos fixed after the formation of the constriction
are also wedge-shaped, although neither electron-dense regions nor microfila-
ments were observed. The cytoplasmic constituents of the cells appear
unchanged from their condition prior to sphincter formation.

Cytochalasin B experiments. The first of 3 sets of experiments was con-
ducted on embryos in which the epithelium of the presumptive sphincters
had thickened but had not yet formed sphincters (54 h after fertilization)
(Fig. 4a). After 1 h, embryos treated with 1 ug/ml CB maintained the same
thickened epithelium in the presumptive sphincter region, and some individ-
uals showed the onset of constriction. Embryos treated with either 5 ug/ml
or 10 ug/ml CB developed no constrictions in the archenteron, whereas con-
trol embryos incubated in either MFSW alone or 1% DMSO formed con-
strictions in the archenteron.

After 2h, the control embryos had completed constriction of the
archenteron (Fig. 4c¢). Embryos treated with 1 ug/ml CB showed retarded
development of sphincters with respect to control embryos, as the sphincters
were at a stage comparable to that of the untreated embryos after 1 h. In
embryos treated with 5 ug/ml, the endodermal cells appeared to be rounded,
and no constrictions were evident (Fig. 4b). Embryos treated with 10 ug/ml
also showed no constrictions, and there was extensive rounding and dissocia-
tion of endodermal cells.

When the experimental embryos (after 2 h treatment) were rinsed and
returned to MFSW, the effects abated. Those previously treated with 1 ug/
m! CB responded quickly (within 1 h) and completed the formation of the
sphincter. The embryos that had been treated with 5 ug/ml CB developed
recognizable sphincters within 2 h (Fig. 4d). The 10 ug/ml treatment was
not so readily reversed: the dissociation and rounding of endodermal cells
in most cases remained even after 6—8 h in MFSW.

The second set of experiments involved treating embryos in which the
constriction in the archenteron had begun to form (59 h after fertilization)
(Fig. 5a, b). Treatment with 5 or 10 ug/ml CB removed the constrictions
within 1 h (Fig. 5b). The 1 ug/ml CB treatment did not obviously affect the
constriction process. Embryos in both of the control cultures developed
normally.

Removal of the embryos from the 5 ug/ml CB treatment after 1h
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Fig. 3. a: TEM of a section cut obliquely through the forming cardiac sphincter of a 60-h
S. purpuratus embryo. The arrows indicate a juxtaluminal electron-dense region. Bar = 1
um. b: the luminal regon of a sphincter-forming cell sectioned at right angles to the long
axis of the archenteron. The arrows indicate the filamentous nature of the clectron-dense
region. Bar = 0.1 um. ¢: the luminal region of a sphincter-forming cell. The arrows indi-
cate filaments associated with the apical plasmalemma. Bar = 0.25 um. d: TEM of cells in
the region of the presumptive sphincter of embryos that were treated with 5 ug/ml CB
for 2 h prior to fixation. Bar = 1 um. lu = lumen of the archenteron.




Fig. 4. S. purpuratus embryos between 59 and 60 h of development used in an experi-
ment to test the effects of cytochalasin B (CB) on sphincter formation. a: a 59-h embryo
prior to formation of the sphincter, representative of embryos at the beginning of the
experiment; b: an embryo after 2 h of treatment with 5 ug/mi CB; c: a control embryo
after 2 h in sea-water containing 1% DMSO; d: an embryo that had been treated with
5 pg/ml CB for 2 h and then returned to sea-water for 2 h; note that a constriction has
begun to form. e = esophagus; s = sphincter; st = stomach. Bar = 20 um.




Fig. 5.a: a 60-h 8. purpuretus embryo during the formation of the sphincter constriction.

b: at this stage embryos treated with 5 ug/ml CB rapidly lost the constriction. c: a 62-h .
S. purpuratus embryo after the constriction of the archenteron has fully formed. d: treat-

ment with 5 ug/ml CB for up to 4 h was incapable of removing the constriction. Bar =

20 um.
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returned the sphincters to a state comparable to the control cultures. The
10 upg/ml CB treatment was also reversible; however, embryos that had
undergone dissociation of the endoderm were not always able to return to
their previous condition.

In a third set of experiments, embryos were treated with CB after the
constrictions of the archenteron had fully formed (Fig. bc, d). The
sphincters were unaffected by all 3 concentrations of CB, even when treated
for up to 4 h (Fig. 6d).

In embryos treated with 5 ug/ml CB throughout the period of sphincter
formation, the cells of the presumptive sphincter remained columnar, though
somewhat rounded. There were no apparent elaborations of the luminal
surface (Fig. 3d), and neither electron-dense regions nor microfilaments were
observed. All other ultrastructural characteristics of the CB-treated embryos
were essentially the same as both groups of control embryos.

DISCUSSION

Sphincters in the digestive tracts of echinoid embryos first appear as
thickenings and then constrictions of the archenteron. Intuitively, this
change in form can most easily be accomplished by a contractile force
acting circumferentially. Moore [19] noted that sphincters formed in the
archenterons of exogastrulae and gastrulae from which the animal hemi-
sphere had been removed. He concluded that the formation of the tripartite
gut (sphincter formation) was an autonomous process occurring without
the influence of other tissues.

Microfilaments were observed near the luminal surface of the sphincter
cells of embryos fixed during the constriction of the archenteron. Micro-
filaments were never observed in sphincter cells of embryos fixed prior to,
or after, sphincter formation. This transient presence of the microfilaments
during the constriction of the tube allies them with the observed change in
cell shape. The location and orientation of the microfilaments (circumferen-
tial) is also consistent with their participation in sphincter formation.

The appearance of additional microvilli on the luminal surface, coinciden-
tal with sphincter formation, can be interpreted as a result of contraction of
the apical cytoplasm of the sphincter cells, Presumably the contraction of
the cytoplasm beneath the plasmalemma results in the plication of the mem-
brane. Cloney [5] and Baker and Schroeder [6] noted similar folding of
membranes associated with contraction of cell surfaces.

Numerous non-muscle cells have been demonstrated to contain the
contractile proteins actin and myosin [3,4,20]. Filaments 5—7 nm thick have
been shown to be associated, both temporally and geometrically, with
contractile events in many cells. Microfilaments have the ultrastructural
characteristics of actin, and under specific conditions have been demon-
strated to bind heavy meromyosin, as does actin [21].

It is suggested that the formation of both the cardiac and pyloric sphine-
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ters is initially accomplished by an active contraction of the apical ends of
the sphincter cells, altering their shape and resulting in the constriction of
the archenteron (Fig. 7). Also, it is suggested that the force required is
produced by the contraction of microfilaments associated with the apical
plasmalemma of the sphincter cells.

Embryos treated with CB prior to, or during, sphincter formation were
unable to form sphincters (Fig. 6). The effects of the CB could be reversed
by returning the embryos to MFSW. CB is known to inhibit numerous
contractile processes in non-muscle cells and disrupt microfilaments asso-
ciated with contraction [22]. Little is known of the means by which it
interferes with either the contractility or the stability of the filaments.
Although CB has been shown to affect sugar transport in some types of cells
[23,24], it is assumed that the drug also acts with some specificity for
contractile processes [25]. The reversible inhibition of sphincter formation
by CB, and the absence of microfilaments in sphincter cells treated with CB,
supports the idea that sphincter formation is dependent upon a microfila-
ment-mediated contractile process.

CB treatment of embryos in which the sphincters had fully formed was
unable to alter sphincter constrictions (Fig. 6). If CB sensitivity is a reliable
indication of the functioning of contractile microfilaments, then these
results may be interpreted as evidence that the contractile processes are
functioning only for a brief period of time (1—2 h) during the initial phase
of sphincter formation. Alternatively, there may be factors that stabilize the
newly formed sphincters which are refractory to CB. Examination of
changes in cell junctions, glucosaminoglycans and collagen may provide
further evidence of stabilizing factors.

Fig. 6. A graphical summary of the experiments performed to examine the effects of CB
on sphincter formation in S. purpuratus embryos. a: treatment throughout formation of
the constriction; b: treatment during formation; c: treatment after formation.
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Fig. 7. A graphical presentation of the model proposed to account for the formation of
sphincter constrictions by the change in shape, from cubes to wedges, of the sphincter-

forming cells.

Gustafson and Wolpert [7] suggested increases in the lateral adhesion
between sphincter cells as a possible mechanism for the formation of
sphincter constrictions. They regard this process as being fundamentally dif-
ferent from the active contraction of one end of a cell {8]. There is an
apparent increase in the lateral adhesion between sphincter cells prior to and
during sphincter formation. However, it is difficult to determine the extent
to which the increase in adhesion is an active process causing the constric-
tion or whether it is a passive effect of the contraction of the apical ends of
the sphincter cells. It remains possible that some combination of cellular
contractility and cellular adhesion results in the formation and stabilization
of sphincters.
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