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The vegetal plate of the sea urchin embryo is specified during early cleavage divisions of the embryo as shown by the
classical experiments of Horstadius (reviewed in “Experimental Embryology of Echinoderms,” 1973, Clarendon, Oxford).
Not until gastrulation, though, do the cells within this territory differentiate into their characteristic cell types. Vegetal
plate descendents comprise the coelomic epithelium, circumesophageal muscle, basal cells, pigment cells, and endodermal
epithelium. We report here that cells of the endodermal lineage acquire the ability to differentiate autonomously several
hours prior to gastrulation, between the late blastula and early mesenchyme blastula stages. Cells dissociated from whole
embryos after the late blastula stage have the ability to differentiate in vitro, independent of cell contacts and of the
embryonic environment. In contrast, preendoderm cells removed from the embryo prior to the late blastula stage show no
ability to differentiate when cultured in vitro even though cells of other lineages, e.g., ectoderm and skeletogenic mesen-
chyme, show morphological and molecular differentiation in these same cultures. We have used the expression of the
endoderm-specific gene products Endo 1 and LvN1.2, detected by RNase protection assays and by in situ immunolabeling,
to quantify endoderm differentiation independent of embryonic or cellular morphology. These studies define a transitional
period in the ontogeny of the endoderm, from cells reliant on interactions to promote fate specification and organi-
zation of territories to later events involved in morphogenesis that result from cell-type-specific gene expression.
© 1996 Academic Press, Inc.

INTRODUCTION the tube elongates across the blastocoel and contacts a spe-
cific area on the ectoderm, the “target site,” to form the
mouth opening (Hardin and McClay, 1990; reviewed in Et-
tensohn and Ingersoll, 1992).

Endoderm cells begin to express lineage-specific genes
during gastrulation. In the sea urchin Lytechinus variegatus
two gene products, LVN1.2 and Endo 1, that are expressed
specifically by endoderm cells have been identified. Endo 1
is a 320-kDa glycoprotein of unknown function that was
identified by a monoclonal antibody (Wessel and McClay,
1985). Translation of this protein begins at gastrulation and
the mature glycoprotein concentrates at the apical cell sur-
face. LVN1.2 is a 25-kDa protein that appears to be associ-
ated with the vesicularization of membrane in the apical
region of the digestive epithelium (Wessel et al., 1989). Al-
though Endo 1 and LvN1.2 are encoded by different genes,
their spatial and temporal accumulation profiles are identi-
cal, i.e.,, mRNA and protein accumulation begins during

1 To whom correspondence should be addressed. Fax: (401) 863- primary invagination and is restricted to the differentiating
1182. E-mail: rhet@Brown.edu. endoderm of the hindgut and midgut regions. Whether these

Gastrulation is a period of dramatic cell rearrangements
within an embryo that results in new cell interactions be-
tween the repositioned cells and tissues. These new cell
interactions are crucial for the subsequent period of organo-
genesis. Gastrulation in the sea urchin embryo is high-
lighted by the ingression of mesenchymal cells and the inva-
gination of the endodermal epithelium. Ingressing mesen-
chyme cells form the mesodermal derivatives of skeleton,
coelom, muscle, and pigment, whereas the invaginating epi-
thelium forms the endodermal digestive tract. The first
morphological indication of endoderm differentiation oc-
curs at primary invagination when the vegetal plate epithe-
lium bends into the blastocoel. This inpocketing is followed
by a process referred to as secondary invagination whereby
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gene products actually participate in morphogenesis is not
known, but they have proven important as indicators of
endoderm differentiation independent of the morphology of
the cell or embryo (Livingston and Wilt, 1990; Malinda and
Ettensohn, 1994).

Cells of the endodermal epithelium in the sea urchin are
descendents of the vegetal plate, one of five territories of the
early embryo (Davidson, 1989). Specification, or conditional
assignment of fate within the vegetal plate, occurs early in
cleavage, probably at or shortly after the fourth cell division
(Ransick and Davidson, 1993). The mechanism of specifi-
cation of the vegetal plate has not been elucidated but proba-
bly results from a combination of gene regulatory factors
postulated to be localized in the egg (Davidson, 1989) and
cell interactions (reviewed in Horstadius, 1973; Ransick and
Davidson, 1993). Although determinants stored asymetri-
cally in the egg have only recently been identified (Di Carlo
et al., 1994; K. Flytzanis, personal communication) and
their role, if any, in vegetal plate specification has yet to be
established, cell interactions are known to be crucial for
the establishment of the vegetal plate territory. For exam-
ple, when Horstadius transplanted the vegetal-most blasto-
meres, the micromeres, from one embryo to an ectopic posi-
tion in the animal cap of a host embryo (Horstadius, 1973),
he observed the formation of a second vegetal plate in the
host embryo at the site of the transplantation, in an area
that normally would form only ectoderm. By following the
fates of each of the host and donor blastomeres in these
chimeras, Horstadius showed that the micromeres do not
contribute to the new vegetal plate (Horstadius, 1973). In-
stead the micromeres altered the fate of the adjacent, host
blastomeres to develop an ectopic vegetal plate which then
had the capacity to develop into all the normal vegetal plate
descendants, including secondary mesenchyme derivatives
and endoderm. Recently, it was shown that morphogenesis
of the ectopic endoderm was indistinguishable from the
endogenous vegetal plate descendents (Ransick and David-
son, 1993). Recent evidence demonstrates that micromeres
also influence the specification of vegetal plate cells during
normal development (Ransick and Davidson, 1995).

Cell interactions leading to vegetal plate specification be-
gin early in development and involve a G-protein/protein
kinase C (PKC)-mediated pathway. Treatment of early em-
bryos or animal caps with either Li* ions or the phorbol
ester, 12-O-tetradecanoylphorbol 13-acetate, induces the
formation or expansion of vegetal plate differentiation, in-
cluding endoderm cells (Livingston and Wilt, 1990, 1992;
Nocente-McGrath et al., 1991). Since this vegetalizing ef-
fect is similar to the effect of transplanted micromeres, it
is thought that micromere/macromere interactions are me-
diated, at least in part, by signal transduction pathways that
utilize G-proteins and PKC activation. To effect a change
in vegetal plate specification, however, embryos must be
treated before the blastula stage. Treatment of embryos dur-
ing the late blastula stage or later in their development has
no effect on endodermal specification (Livingston and Wilt,
1992; Nocente-McGrath et al., 1991). Thus, the window
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for specification of vegetal plate cells, including endoderm
specification, occurs early in embryogenesis.

In this study we have identified a transitional period in
endodermal ontogeny between the periods of vegetal plate
specification during early cleavage and endoderm differenti-
ation at gastrulation. We refer to this transition as “‘commit-
ment,” the developmental phenomena of cells acquiring the
ability to differentiate autonomously (Gurdon, 1987; Slack,
1991; Kimmel et al., 1991). If an isolated cell differentiates
in vitro, we conclude that the cell was committed to its
fate, or committed to autonomous differentiation, prior to
the time of isolation. Cells cultured from embryos dissoci-
ated prior to or during the late blastula stage were unable
to express endoderm markers, whereas cells isolated from
embryos following the late blastula stage had acquired the
ability to differentiate in vitro and express endoderm-spe-
cific genes. We conclude that this transition at the late blas-
tula/early mesenchyme blastula stage is indicative of the
cell’s developmental commitment to morphogenesis.

METHODS

Embryos and reagents. Adult Lytechinus variegatus were ob-
tained from Tracy Andachat of Duke University Marine Laboratory
(Beaufort, NC) and from Sue Decker and Scott’s Services, both of
Miami, FL. Gametes were obtained and embryos were cultured as
previously described (McClay, 1986).

Cell cultures. Embryos were dissociated as described in
McClay (1986). Embryos were washed twice in 10 vol of calcium-
magnesium free seawater (CMF; McClay, 1986) at 4°C, then incu-
bated in 10 vol of hyaline extraction media (McClay, 1986) at 4°C
for 10 min and dissociated in CMF. After dissociation, cells were
filtered through 20 um Nitex to remove any nondissociated cell
clumps so that the cell suspension was greater than 98% single
cells. Cells were then diluted in CMF to approximately 10° cells
per milliliter and plated onto tissue culture plates that previously
had been coated with 1% protamine sulfate or poly-L-lysine
(15,000-50,000 kDa), washed with distilled water, and air-dried.
Cells were allowed to settle onto the wells (10-ml cell suspension
for 100-mm dishes; 1 ml for each well of a 24-well plate; 4.5 ml
for each well of a 6-well plate) for 20—30 min, after which the CMF
was replaced with ASW containing 2-4% heat-inactivated horse
serum (BRL, Bethesda, MD). For suspension cultures, cells were
incubated in an Erlenmeyer flask on a New Brunswick G-24 gyra-
tory shaker at 200 rotations/min.

In vitro nuclear transcription assay. Nuclei were isolated from
different stage embryos of Lytechinus variegatus according to Mor-
ris and Marzluff (1983) and nuclear transcription reactions were
performed as described by Marzluff and Huang (1984) with slight
modifications. Briefly, the nuclear “run-on” reactions contained
100 uCi [a-**PJUTP (New England Nuclear), 1.5 mM each of ATP,
GTP, and CTP; 0.15 mM (unlabeled) UTP, 180 mM KCI, 10 mM
MgCl,, 0.02 mM S-adenosylmethionine, 1 mM spermidine, 80
units RNAsin (Promega, Madison, WI), and 100 nl of approximately
1 x 10® nuclei per milliliter in a total reaction volume of 200
wl. The run-on reactions were performed at 23°C for 30 min. The
reactions were terminated by the addition of 200 ul of 1% SDS and
10 mM EDTA. Radiolabel incorporated into run-on transcripts was
measured by TCA precipitation (Marzluff and Huang, 1984).
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To assay the in vitro nuclear transcription reactions, the radiola-
beled transcripts from above were hybridized to the target DNA
immobilized on nylon filters (MSI, Westboro, MA). Target DNAs
in excess of transcript abundance were spotted onto filters by slot
blotting. The DNAs were then hybridized and washed as described
(Bruskin et al., 1981) except that hybridizations were performed at
37°C for 72 hr using equivalent incorporated radioactive counts for
each sample.

RNA isolation and detection. Total RNA was isolated from
cells and embryos of different stages of Lytechinus variegatus using
a modification of Chomczynski and Sacchi (1987; Biotecx, Hous-
ton, TX). Accumulation of LvN1.2 RNA was measured by a RNase
protection assay using antisense 3?P-riboprobes transcribed in vitro
from recombinant Bluescript plasmids essentially as described
(Kreig and Melton, 1987). The LvN1.2 cDNA template corre-
sponded to the 5’ end of the LvN1.2 cDNA (nucleotides 1-245;
Wessel et al., 1989) subcloned into Bluescript. The template was
linearized with EcoRI and transcribed to yield an antisense ribo-
probe using T7 RNA polymerase. An ubiquitin cDNA clone was
isolated from an L. variegatus prism stage cDNA library (L. Berg
and G. M. Wessel, unpublished results) and an Xhol fragment,
which corresponded to the repeated polyubiquitin sequence (Gong
et al., 1991), was cloned into Bluescript. Following linearization
with EcoRl, transcription with T7 RNA polymerase resulted in a
130-nt riboprobe with 95 bases protected following RNase treat-
ment. Riboprobes were gel-purified and used in a RNase protection
assay using the RPA Il kit following the manufacturer’s protocol
(Ambion, Inc., Austin, TX) with 3 ug total RNA isolated from em-
bryos or cell cultures. Densitometry was used to quantify expres-
sion of both LvN1.2 and ubiquitin mRNA signals.

Antibody labeling of in vitro cultures. Cells were washed once
with ASW at room temperature and then fixed with 10% formalde-
hyde in CMF at 4°C for 30 min or with 100% methanol at —20°C.
Fixed cells were then washed 3x with ASW and incubated with
antibodies. For indirect immunolabeling with Endo 1, hybridoma
supernatant was diluted four times in ASW and incubated with the
fixed cultures at room temperature for 30 min. For immunolabeling
with anti-LvN1.2, protein-A-purified immunoglobulins from rabbit
sera were diluted in ASW and then incubated on the fixed cultures
for 30 min at room temperature. Cultures were then washed with
ASW 3X and the appropriate secondary antibody (rabbit anti-mouse
or goat anti-rabbit; Organon Technica, Research Triangle, NC) con-
jugated to either fluorescein (diluted 30 times in ASW) or horserad-
ish peroxidase (diluted 100 times in ASW) and incubated on cul-
tures for 30 min at room temperature. Cultures were also labeled
with Endo 1 directly conjugated to the fluorochrome Cy3 (Biologi-
cal Detection Systems, Inc.) according to the manufacturer’s speci-
fications. Fluorescence visualization was accomplished on a Zeiss
Axioplan microscope equipped with epifluorescence. Horseradish
peroxidase activity was detected with 4-chloro-1-naphthol (Harlow
and Lane, 1988) and visualized on a Zeiss IM35 microscope.

For labeling of cells en masse, cells were removed from the cul-
ture well with a stream of sea water through a Pasteur pipet and
attached to a coverslip previously coated with 1% protamine sul-
fate. Cells were fixed with either 100% MeOH or 3.7% formalde-
hyde, washed with ASW, labeled with the appropriate antibodies,
and visualized.

RESULTS

Endoderm cells undergo a distinct developmental transi-
tion at the early mesenchyme blastula stage that enables
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the preendoderm cells to differentiate autonomously. We
refer to this transition as a developmental commitment (for
example Slack, 1991; Kimmel et al., 1991). To identify com-
mitment in preendoderm cells, we dissociated cells from
whole embryos at various stages of development, cultured
the cells in vitro, independent of the embryonic environ-
ment, and then examined their ability to express Endo 1
and LvN1.2. We were unable to isolate preendoderm cells
free of other cell types, so we have relied on cell-type-spe-
cific markers to indicate endoderm differentiation in a
mixed population of cells. The cultures contain all cells of
the embryo and it is possible that some interactions of cells
occur randomly by soluble factors, by extracellular matrix
components, or by direct cell-cell interactions. Each of
these possible interactions, however, was minimized by di-
lution of the cells in culture and by replacing the culture
media. The culture media used in these experiments con-
sisted of filtered artificial sea water containing 2-4% heat-
inactivated horse serum. Under aseptic conditions, this me-
dium supported cell viability for at least 3 days. An im-
portant feature of these cultures was to plate cells onto
protamine sulfate or small polymers, less than 50,000 kDa,
of poly-L-lysine. This treatment enabled cell spreading and
cell shape changes to occur, but minimized their aggre-
gation.

To monitor endoderm-specific differentiation in cell cul-
tures we used RNase protection assays to monitor the level
of LvN1.2 mRNA accumulation and in situ immunolabel-
ing with antibodies to both the Endo 1 and LvN1.2 proteins
to quantify endoderm differentiation on an individual cell
basis. A time course of embryo dissociation and cell culture
is shown in Fig. 1A. Embryos from a sibling population
cultured throughout the experiment were periodically dis-
sociated for cell culture and for immediate RNA isolation
as a zero time point. Dissociated cells were plated in tissue
culture dishes and were incubated until intact embryos
reached the pluteus stage. RNA was then isolated from the
cells of each culture and compared to the LvN1.2 levels of
the intact embryos sampled at the time of each dissociation.
Ubiquitin mRNA accumulation was used as a standard in
each of these RNase protection assays.

Cells dissociated from embryos prior to early mesen-
chyme blastula stage did not accumulate detectable LvN1.2
mMRNA (Fig. 1B). The stages tested included early blastula,
before the embryos hatched from the fertilization envelope
(BH; 6 hr); blastula immediately after hatching (AH; 8.5 hr);
and late blastula (LB; 9.5 hr), when the vegetal plate of the
embryo was flattened, but prior to mesenchyme cell in-
gression. In contrast, cells isolated from embryos following
late blastula accumulated increasing amounts of LvN1.2,
even though at the time of dissociation the embryos had
no detectable LvN1.2 transcriptional activity (Fig. 2) nor
LvN1.2 mRNA accumulation (Fig. 1B). These stages in-
cluded early mesenchyme blastula (EMB; 11 hr) during mes-
enchyme cell ingression; mid-mesenchyme blastula (MMB;
12 hr), when all mesenchyme cells have ingressed but prior
to migration; and late mesenchyme blastula (LMB; 13 hr),
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FIG. 1. Endoderm commitment begins at early mesenchyme blastula stage. RNase protection assay (B) of total RNA isolated from intact
embryos and from cultured cells as shown in (A). LvN1.2 accumulated in cells cultured to 24 hr if the cells were obtained from embryos
following late blastula stage. No signal was detectable in cultures of cells obtained from late blastula or younger embryos (inserted region
in (B) shows 5X the exposure of the full figure). The probe lane shows the starting probe lengths (open arrow) prior to the RNase protection
assay, and the solid arrow indicates protected probe lengths. Stages: FE, Fertilized egg; BH, before hatching (6 hr); AH, after hatching (8.5
hr); LB, late blastula (9.5 hr); EMB, early mesenchyme blastula (11 hr); MMB, mid-mesenchyme blastula (12 hr); LMB, late mesenchyme
blastula (13 hr); EG, early gastrula (14 hr); LG, late gastrula (19 hr); PP, prism-early pluteus (24 hr); RNA: E, total RNA from embryos; C,

total RNA from cultured cells; Y, yeast tRNA.

when mesenchyme cells have begun to migrate from their
point of ingression but before any morphological signs of
invagination. Early gastrulae (EG; 14 hr) have a noticeable
invagination of endoderm and significant LvN1.2 mRNA
(lane EG - E in Fig. 1B); mid gastrula (MG; 14 hr) is when

the invagination reached halfway across the blastocoel; late
gastrula (LG; 19 hr) is when the invagination reached the
ectodermal epithelia; and late prism-pluteus (PP; 24 hr) is
when the embryos were triangulated and arm buds were
detectable. Gastrula and postgastrula embryos have signifi-
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FIG. 2. LvN1.2 transcription begins at gastrulation. Nuclei were
isolated from Lytechinus variegatus embryos at different stages
and transcription of the endoderm-specific gene, LvN1.2, was mea-
sured by an in vitro run-on assay. Nuclei were isolated from whole
embryos at the following stages: late blastula, LB; late mesenchyme
blastula, LMB; early gastrula, EG; and late gastrula, LG. Target
DNA sequences tested were: pBS, Bluescript plasmid; Ub, ubiquitin
from L. variegatus; and LvN1.2.

cant LvN1.2 transcription (Fig. 2) and mRNA accumulation
so their cells were not tested by in vitro culturing in this
experiment. Figure 1 is one representative experiment of
endoderm differentiation in vitro that was replicated in sev-
eral independent trials.

Although we were unable to directly measure the tran-
scriptional activity of LvN1.2 by nuclear run-on assays from
cells cultured in vitro, we did determine that in vivo,
LvN1.2 transcription begins just prior to gastrulation (Fig.
2). LvN1.2 mRNA synthesis was undetectable in nuclei iso-
lated from the late blastula and faint signals were detectable
at late mesenchyme blastula, though at levels significantly
below that of early gastrula. Transcription of the ubiquitin
gene, previously shown to be transcribed at equivalent lev-
els in all cell types of all the developmental stages examined
here (Tomlinson and Klein, 1990; Gong et al., 1991), was
used in these experiments to normalize the activity of the
nuclear run-on assays between different stages. Thus, tran-
scriptional activation appears to be an essential feature of
the LVN1.2 mRNA accumulation that we measure in vitro
and not a change in the stability of mMRNA resulting from
earlier, or constitutive, transcription.

The culture conditions used in these experiments sup-
ported the viability of all cell types of the embryo examined
using the criteria of cellular phenotype, of cell-type-specific
antibodies, and of trypan blue exclusion (>96%). We rou-
tinely observed the differentiation of primary mesenchyme
cells, secondary mesenchyme cells (including pigment cells
and muscle cells), and ectoderm (data not shown). In addi-
tion, using incorporation of bromodeoxyuridine into nuclei,
we have determined that the cultured cells divide at a rate
similar to that seen in intact embryos during the same pe-
riod of development (Nislow and Morrill, 1988). Further-
more, since ubiquitin MRNA signals in the RNase protec-
tion assays remained relatively constant per unit of total
RNA, we believe that transcription was maintained in most
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cells under our culture condition. We also found that endo-
derm cells differentiate best in the absence of serum and
that LvN1.2 expression is inversely proportional to serum
concentration: a threefold difference was observed between
no serum and 8% serum (data not shown). Heat-inactivated
serum was routinely used in the cultures at 2-49% since,
for example, primary mesenchyme cells differentiate best
in the presence of these low levels of serum and we wanted
to increase the viability of all cells in the culture to mini-
mize the possible adverse effects of cell death on total cul-
ture viability. We conclude from these results that the cul-
ture conditions used here were permissive to support the
survival, cell division, and differentiation of cells from sev-
eral lineages of this embryo.

Examining LvN1.2 mRNA accumulation over time in
cells derived from early mesenchyme blastula (EMB) re-
vealed a reduced rate of accumulation of LYN1.2 mRNA
over the 24-hr period of culture compared to that of intact
embryos (Fig. 3A). However, in cells dissociated from early
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FIG. 3. Time course and stability of differentiation in vitro. Em-
bryos were cultured to (A) the early mesenchyme blastula stage or
(B) the early gastrula stage, and then divided into two groups. One
population of embryos was cultured as intact embryos and RNA
was isolated after 6, 12, 18, and 24 hr of additional culture. The
other population of embryos was dissociated to single cells and
cultured in vitro. RNA was isolated from these cell cultures at the
same time as the intact embryos, i.e., following 6, 12, 18, and 24
hr of additional culture. Each set of RNA samples was then tested
for accumulation of LvN1.2 mRNA by RNase protection assays
using ubiquitin as a measure of RNA loading in each assay.
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gastrulae, following initiation of endoderm differentiation
in vivo, LvN1.2 mRNA accumulation was normal, i.e.,
comparable to levels seen in vivo (Fig. 3B). Culture of cells
prior to EMB resulted in no detectable accumulation of
LvN1.2, regardless of the time of culture (data not shown).
The reason for the low mMRNA accumulation in cultures
from EMB is not known. Perhaps dissociation has removed
signals present in the embryo that are required for differenti-
ation, or perhaps commitment of preendoderm cells occurs
sequentially throughout the vegetal plate. By dissociating
embryos and isolating cells during this sequential event, we
may have effectively excluded some cells in the population
that are not yet committed. Until we can identify commit-
ment directly, instead of by the functional bioassay of differ-
entiation in vitro, we will not be able to distinguish between
these possibilities. However, it is clear that commitment
is dependent upon cell interactions that occur in the embryo
and do not occur when the cells are removed from their
neighbors and their normal environment.

Further evidence for a transitional period in endoderm
differentiation relied on immunolabeling cell cultures and
quantifying differentiated cells using endoderm-specific an-
tibodies. Following dissociation and culturing similar to
that described above, cells were processed for immunolabel-
ing of LvN1.2 and Endo 1 and then quantified. Immunola-
beling was performed either en masse by removal of cells
from cultures and fixation on coverslips or in situ on the
culture wells. We used an indirect immunoassay with either
horseradish peroxidase-conjugated (Fig. 4; processed en
masse) or fluorochrome-conjugated secondary antibodies to
detect Endo 1-positive or LvN1.2-positive cells processed
in situ (data not shown). Endo 1- or LvN1.2-positive cells
were expressed as a percentage of the total cell population,
which was then compared to endoderm cell counts derived
from intact, sibling embryos. These data are displayed as a
“relative endoderm differentiation,” the percentage of Endo
1- or LvN1.2-positive cells that differentiated in vitro rela-
tive to the percentage of Endo 1- or LvN1.2-positive cells
that differentiated in intact embryos cultured for the same
length of time (Fig. 4). Background values for this assay
(treated the same as experimental wells but assayed without
primary antibody) were 1-3%, which was in part probably
the result of a trapping of antibody in cells that had lysed.
Assays of Endo 1- or LvN1.2-positive cells were also per-
formed immediately following embryo dissociation and re-
sulted only in background values in the three stages shown
here (data not shown).

Results of the immunolabeling assays show that preendo-
derm cells acquire an ability to differentiate autonomously
during the late blastula stage. When cultures were started
from early mesenchyme blastula, Endo 1-positive cells in
vitro reached 84% of the level of Endo 1-positive cells in
intact embryos. In contrast, when cultures were started
from early blastula or late blastula embryos, only 5 and 21%
relative differentiation, respectively, was detected. The data
were similar for LYN1.2 immunolabeling (early blastula:
4% (+4); late blastula: 24% (+17); early mesenchyme blas-
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tula: 72% (*23)) except that, because the signals were less
intense with this antibody, the deviation between experi-
ments was greater than with Endo 1. In these immunolabel-
ing assays, Endo 1- or LvN1.2-positive cells are weighed
equally so that cells with strong signals count the same as
cells with low, but positive, signals. From these results we
conclude that the low level of LvN1.2 mRNA expression
in cells cultured from EMB (Fig. 3A) is a result of lower
LvN1.2 accumulation per cell and not a high level of expres-
sion in a minor population of cells. These data suggest that
endoderm differentiation in vitro is similar to that in em-
bryos, but the extent of expression of the marker genes
during the transition period is sensitive either to the limita-
tions of the in vitro culture system or to continued cell
interactions.

DISCUSSION

The endoderm lineage of the sea urchin embryo was
shown here to undergo a developmental transition between
the late blastula and early mesenchyme blastula stages, en-
abling the cells to differentiate autonomously. We refer to
this event as ‘““commitment,” relying on the operational
definition of others in several developmental systems (Gur-
don, 1987; Slack, 1991; Kimmel et al., 1991). Commitment,
in contrast to ““determination,” is used to describe the phe-
nomenon shown here, since historically determination also
refers to an ability of cells or tissues to differentiate in an
ectopic location of the embryo (Slack, 1991). For example,
the four micromeres of the sea urchin embryo, which are
formed at the fourth cleavage division, are determined at
the fourth cell division and differentiate into skeletogenic
mesenchyme either when transplanted to an ectopic host
location or when cultured in vitro. Although preendoderm
cells may also have been determined at the early mesen-
chyme blastula stage, our assay system does not test such
properties. Commitment is also used here to distinguish
the observed phenomenon from specification, the process
of conditional fate restriction, which in the vegetal plate of
the sea urchin embryo appears to occur during early cleav-
age divisions and to result from a combination of cell inter-
actions and stored maternal factors (Davidson, 1989; Ran-
sick and Davidson, 1993).

Endoderm commitment is a relatively late event in the
development of the sea urchin embryo and thus probably
not the result of maternally stored information. Instead,
endoderm commitment is probably a consequence of inter-
actions between cells of the embryo prior to early mesen-
chyme blastula. Commitment in preendoderm cells occurs
at the same time as cell positions within the vegetal plate
shift as a result of the ingression of primary mesenchyme
cells. Primary mesenchyme cells are located at the center
of the vegetal pole and their ingression requires a shift of the
epithelial cells to accommodate the loss of this population
(Galileo and Morrill, 1985; Ettensohn and Ingersoll, 1992).
One possible signal for commitment in endoderm is the
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FIG. 4. Quantification of differentiation in endoderm cells in vitro. Embryos were cultured to hatched blastula (8 hr), late blastula (10
hr), or early mesenchyme blastula (12 hr) when they were dissociated to single cells and plated in vitro in the presence of 4% horse sera.
The cells were cultured for 24 hr and then fixed and immunolabeled with monoclonal antibody Endo 1. (A) Endo 1-positive cells are
represented as the percentage of Endo 1-positive cells in vitro relative to the number of Endo 1-positive cells in sibling embryos cultured
intact for the same time (which have reached early plutei). The data represent four separate experiments and the error bars indicate 1 SD.
Statistical analyses show that late blastula and early mesenchyme blastula are significantly different (P < 0.05) from background, from
hatched blastula, and from each other. Hatched blastula is not significantly different from background. (B) Representative field of cells
cultured from early mesenchyme blastulae, cultured for 24 hr and then removed from the dish and processed in batch. Dark cells are

Endo 1-positive cells. Bar, 50 um.

changing cell environment of preendoderm cells, stimu-
lated either by a relative shift between secondary mesen-
chyme cells and endoderm cells in the vegetal pole vacated
by primary mesenchyme cells or by interaction with the
differentiating primary mesenchyme cells across the na-
scent basal lamina. Neither explanation, however, would
be universal, since in embryos of the species Eucidaris tri-
buloides, endoderm differentiation and invagination pre-
cede the ingression of primary mesenchyme cells.
Differentiation of the endoderm is also known to involve
changes in cell interactions. These include changes in cell-
cell interactions (McClay and Chambers, 1978); cell-extra-
cellular matrix interactions (Karp and Solursh, 1974; Wessel
and McClay, 1986; Ingersoll and Ettensohn, 1994), and pos-
sibly also cell interactions with growth factors (Ramachan-
dran et al., 1993; Govindarajan et al., 1995). Each of these
interactions has a specific and profound effect on the mani-
festation of both the morphology and the molecular expres-
sion of endoderm cells. The requirement for such interac-
tions during normal development may be a consequence of
the vegetal plate being committed much later than other
territories of the embryo. For example, the precursors of the
skeletogenic mesenchyme, the micromeres, are committed
(and determined) at the 16-cell stage (Okazaki, 1975). Com-
mitment of ectoderm appears to be the earliest of the pri-

mary tissue types (Nemer et al., 1985; Hurley et al., 1989;
Stephens et al., 1989), where it was shown that at least
partial differentiation of ectoderm occurs in cells dissoci-
ated from the embryo beginning at the 2-cell stage. Cells of
the vegetal plate, however, are committed late in develop-
ment and some populations remain pluripotent even until
late in gastrulation (Ettensohn and McClay, 1988).

The phenomenon of commitment suggests that the acti-
vation of gene regulatory elements will occur in a cell-au-
tonomous fashion before the cell begins to manifest a differ-
entiated fate. It is interesting that the mRNA for Endo 16
and Msx accumulates in the vegetal plate territory of Stron-
gylocentrotus purpuratus embryos at the early mesen-
chyme blastula stage (Nocente-McGrath et al., 1989; Ran-
sick and Davidson, 1993; S. Dobias and R. Maxson, personal
communication) and may represent an early molecular indi-
cation of endoderm commitment that is important for sub-
sequent endoderm autonomous gene expression. Endo 16 is
a large protein that accumulates at the cell surface and is
thought to mediate cell-extracellular matrix interactions
(Soltysik-Espanola et al., 1994). Msx is a protein of the ho-
meodomain-containing class of gene regulatory factors that
appears to have a significant influence on the expression of
other genes in the embryo. Dominant negative expression
of Msx in sea urchins inhibits endoderm differentiation
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(R. Maxson, personal communication), making this regula-
tory factor a strong candidate to participate in the commit-
ment phenomenon. In addition, a homologue of the fork-
head family of HNF3 transcription factors is present in sea
urchins transiently during the period when endodermal
commitment occurs (Luke et al., 1995). Forkhead proteins
have been shown in other embryos to be involved in cell
fate decisions, particularly of mesoderm and endoderm. Al-
though we do not know the downstream targets of forkhead,
and Msx in the vegetal plate, their expression in the embryo
coincides with a transition in endoderm ontogeny, which is
shown here to impart an ability on the cells to differentiate
autonomously.

ACKNOWLEDGMENTS

We gratefully acknowledge Linnea Berg for isolating the ubiqui-
tin cDNA clone from Lytechinus variegatus, Dr. Kimberly Mowry
for help with the RNase protection assay, Dr. Mark Fitzgerald for
help on the nuclear run-on reactions, and Dr. David Duncan for
assistance on the statistical analysis. We also appreciate the helpful
discussions with Drs. Andrew Ransick, Eric Davidson, and William
Klein and the first-hand discussions of embryology with Chandler
Merritt. This work was supported by grants from the National
Institutes of Health, the National Science Foundation, and the
March of Dimes. G.W. is the recipient of a Basil O’Conner Starter
Research Award from the March of Dimes.

REFERENCES

Bruskin, A. M., Tyner, A. L., Wells, D. E., Showman, R. M., and
Klein, W. H. (1981). Accumulation in embryogenesis of five
mMRNAs enriched in the ectoderm of the sea urchin pluteus. Dev.
Biol. 87, 308-318.

Davidson, E. H. (1989). Lineage-specific gene expression and the
regulative capacities of the sea urchin embryo: A proposed mech-
anism. Development 105, 421-445.

Di Carlo, M., Romancino, D. P., Montana, G., and Ghersi, G. (1994).
Spatial distribution of two maternal messengers in Paracentrotus
lividus during oogenesis and embryogenesis. Proc. Natl. Acad.
Sci. USA 91, 5622-5626.

Ettensohn, C. A., and Ingersoll, E. P. (1992). Morphogenesis of the
sea urchin. In “Morphogenesis: An Analysis of the Development
of Biological Form” (E. F. Rossomando and S. Alexander, Eds.),
pp. 189-262. Marcel Dekker, New York.

Ettensohn, C. A., and McClay, D. R. (1988). Cell lineage conversion
in the sea urchin embryo. Dev. Biol. 125, 396-408.

Galileo, D. S., and Morrill, J. B. (1985). Patterns of cells and extracel-
lular material of the sea urchin Lytechinus variegatus (Echino-
dermata; Echinoidea) embryo, from hatched blastula to late gas-
trula. J. Morphol. 185, 387-402.

Gong, Z., Cserjesi, P., Wessel, G. M., and Brandhorst, B. P. (1991).
Structure and expression of the polyubiquitin gene in sea urchin
embryos. Mol. Reprod. Dev. 28, 111-118.

Govindarajan, V., Ramachandran, R. K., George, J. M., Shakes,
D. C., and Tomlinson, C. R. (1995). An ECM-bound, PDGF-like
growth factor and a TGF-a-like growth factor are required for

Chen and Wessel

gastrulation and spiculogenesis in the Lytechinus embryo. Dev.
Biol. 172, 541-551.

Gurdon, J. (1987). Embryonic induction—Molecular prospects. De-
velopment 99, 285-306.

Hardin, J., and McClay, D. R. (1990). Target recognition by the
archenteron during sea urchin gastrulation. Dev. Biol. 142, 86—
102.

Harlow, E., and Lane, D. (1988). “‘Antibodies: A Laboratory Man-
ual.” Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.
Horstadius, S. (1973). “‘Experimental Embryology of Echinoderms.”

Clarendon, Oxford.

Hurley, D. L., Angerer, L. M., and Angerer, R. C. (1989). Altered
expression of spatially regulated embryonic genes in the progeny
of separated sea urchin blastomeres. Development 106, 567-579.

Karp, G. C., and Solursh, M. (1974). Acid mucopolysaccaride metab-
olism, the cell surface, and primary mesenchyme cell activity in
the sea urchin. Dev. Biol. 41, 110-123.

Kimmel, C. B., Kane, D. A,, and Ho, R. K. (1991). Lineage specifica-
tion during early embryonic development of the Zebrafish. In
“Cell-Cell Interactions in Early Development’ (J. Gerhart, Ed.),
pp. 203-225. Wiley-Liss, New York.

Krieg, P. A., and Melton, D. A. (1987). In vitro RNA synthesis with
SP6 RNA polymerase. Methods Enzymol. 155, 397-412.

Livingston, B. T., and Wilt, F. H. (1990). Range and stability of cell
fate determination in isolated sea urchin blastomeres. Develop-
ment 108, 403-410.

Livingston, B. T., and Wilt, F. H. (1992). Phorbol esters alter cell
fate during development of sea urchin embryos. J. Cell Biol. 119,
1641-1648.

Luke, N. H,, Killian, C., and Livingstone, B. T. (1995). Characteriza-
tion of a developmentally regulated sea urchin forkhead homo-
logue. Mol. Biol. Cell 6, 85a.

Malinda, K., and Ettensohn, C. A. (1994). Primary mesenchyme
cell migration in the sea urchin embryo: Distribution of direc-
tional cues. Dev. Biol. 164, 562-578.

Marzluff, W. F., and Huang, R. C. (1984). “Transcription and Trans-
lation: A Practical Approach” (B. D. Hames and S. J. Higgins,
Ed.), pp. 89-130. IRL Press, Washington, DC.

McClay, D. R. (1986). Embryo dissociation, cell isolation, and cell
reassociation. In “Methods in Cell Biology” (T. E. Schroeder, Ed.),
pp. 309-323. Academic Press, San Diego.

McClay, D. R., and Chambers, A. F. (1978). Identification of four
classes of cell surface antigens appearing at gastrulation in sea
urchin embryos. Dev. Biol. 63, 179-186.

Morris, G. F., and Marzluff, W. F. (1983). A factor in sea urchin
eggs inhibits transcription in isolated nuclei by sea urchin poly-
merase |ll. Biochemistry 22, 645-653.

Nemer, M., Wilkinson, D. G., and Travaglini, E. C. (1985). Primary
differentiation and ectoderm-specific gene expression in the ani-
malized sea urchin embryo. Dev. Biol. 109, 418-427.

Nislow, C., and Morrill, J. B. (1988). Regionalized cell division dur-
ing sea urchin gastrulation contributes to archenteron formation
and is correlated with the establishment of larval symmetry.
Dev. Growth Differ. 30, 483-499.

Nocente-McGrath, C., Brenner, C. A., and Ernst, S. G. (1989). Endo
16, a lineage-specific protein of the sea urchin embryo, is first
expressed just prior to gastrulation. Dev. Biol. 136, 264-273.

Nocente-McGrath, C., Mclsaac, R., and Ernst, S. G. (1991). Altered
cell fate in LiCl-treated sea urchin embryos. Dev. Biol. 147, 445-
450.

Okazaki, K. (1975). Spicule formation by isolated micromeres of
the sea urchin embryo. Am. Zool. 15, 567-581.

Copyright © 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.



Sea Urchin Endoderm Differentiation

Ramachandran, R. K., Seid, C. A., Lee, H., and Tomlinson, C. R.
(1993). PDGF-bb and TGF-alpha rescue gastrulation, spiculogen-
esis, and LpS1 expression in collagen-disrupted embryos of the
sea urchin genus Lytechinus. Mech. Dev. 44, 33-40.

Ransick, A., and Davidson, E. H. (1993). A complete second gut
induced by transplanted micromeres in the sea urchin embryo.
Science 259, 1134-1138.

Ransick, A., and Davidson, E. H. (1995). Micromeres are required
for normal vegetal plate specification in sea urchin embryos. De-
velopment 121, 3215-3222.

Slack, J. M. (1991). From egg to embryo: Regional specification in
early development. Cambridge Univ. Press, Cambridge, UK.

Soltysik-Espanola, M., Klinzing, D. C., Pfarr, K., Burke, R. D., and
Ernst, S. G. (1994). Endo 16, a large multidomain protein found
on the surface and ECM of endodermal cells during sea urchin
gastrulation, binds calcium. Dev. Biol. 165, 73-85.

Stephens, L., Kitajima, T., and Wilt, F. (1989). Autonomous expres-
sion of tissue-specific genes in dissociated sea urchin embryos.
Development 107, 299-307.

65

Tomlinson, C. R., and Klein, W. H. (1990). Temporal and spatial
transcriptional regulation of the aboral ecoterm-specific Spec
genes during sea urchin embryogenesis. Mol. Reprod. Dev. 25,
328-338.

Wessel, G. M., and McClay, D. R. (1985). Sequential expression of
germ-layer specific molecules in the sea urchin embryo. Dev.
Biol. 111, 451-463.

Wessel, G. M., and McClay, D. R. (1986). Gastrulation in the sea
urchin embryo requires the deposition of crosslinked collagen
within the extracellular matrix. Dev. Biol. 121, 149-165.

Wessel, G. M., Goldberg, L., Lennarz, W. J., and Klein, W. H. (1989).
Gastrulation in the sea urchin embryo is accompanied by the
accumulation of an endoderm-specific mMRNA. Dev. Biol. 136,
526-536.

Wilt, F. H. (1987). Determination and morphogenesis in the sea
urchin embryo. Development 100, 559-575.

Received for publication August 25, 1995
Accepted January 16, 1996

Copyright © 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.



