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Aphidicolin, an inhibitor of DNA polymerase a, blocks DNA synthesis and cell division in sea urchin embryos. The 
effects of this inhibition appear to be stage dependent. Blastulae treated with aphidicolin before the thickening of the 
vegetal plate undergo developmental arrest prior to gastrulation. The extent of inhibition of DNA synthesis varies 
from 60 to 93% in these embryos. However, when aphidicolin is added after the vegetal plate has thickened, development 
continues normally through pluteus formation, even though DNA synthesis is inhibited by >90% and cell division has 
ceased. These observations indicate that, from the vegetal plate stage onward, morphogenesis and overt differentiation 
are independent of DNA synthesis and cell division. @ 1986 Academic press, IN 

INTRODUCTION 

Aphidicolin, an inhibitor of DNA polymerase (Y, ef- 
fectively and specifically blocks DNA synthesis while 
allowing nucleotide transport (Nishioka et aL, 1984) and 
RNA and protein synthesis to continue (Ikegami et al., 
1979). Prior to the advent of the use of this fungal me- 
tabolite, numerous studies made use of other inhibitors 
of DNA synthesis to elucidate the relationships between 
DNA synthesis, cell division, morphogenesis, and dif- 
ferentiation. However, the interpretation of these earlier 
results is difficult because of the toxicity and lack of 
specificity of these inhibitors. Therefore, aphidicolin has 
recently been employed to further probe the role of DNA 
synthesis in these developmental processes. In one such 
study using three different species of sea urchins, 
Brachet and DePetrocellis (1981) observed developmen- 
tal arrest and other abnormalities of aphidicolin-treated 
morulae, blastulae, and early gastrulae, even though in- 
hibition of DNA synthesis was usually less than com- 
plete. Their observations led them to propose that DNA 
replication and cell proliferation might play some im- 
portant role in morphogenesis and differentiation, espe- 
cially in gastrulation. These studies have stimulated us 
to reexamine and attempt to clarify some of the issues 
that they raised. 

In experiments reported here, aphidicolin caused over 
90% inhibition of DNA synthesis. As long as the drug 
was not added prior to thickening of the vegetal plate 
at the blastula stage, development through the pluteus 
stage was essentially normal in the majority of embryos 
in each culture. These observations lead us to conclude 
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that neither DNA synthesis nor cell division are crucial 
events for morphogenesis or overt cell differentiation 
during gastrulation or pluteus formation in sea urchin 
embryos. 

MATERIALS AND METHODS 

Fertilixatim. Lytechinus pi&us sea urchins were pur- 
chased from Marinus Biologicals (Winchester, Calif.) 
and maintained in aquaria at 17°C. Shedding was in- 
duced by intracoelomic injection of 0.1-0.2 ml of 0.5 M 
KCl, and gametes were collected “dry” (no dilution into 
sea water). When shedding was completed, 2-3 ml of 
eggs were immediately suspended in 400 ml of Millipore- 
filtered seawater (MPFSW) and fertilized with approx 
0.5 ml of freshly diluted sperm (l-2 drops semen in 2 ml 
MPFSW). Embryos were stirred until fertilization was 
judged to be complete (i.e., when 95% of the embryos 
exhibited fertilization membranes), allowed to settle 
once or twice for removal of excess sperm, and resus- 
pended in 400 ml MPFSW containing 10 pg/ml genta- 
mycin. Cultures were kept at 16°C with constant stirring 
at 60 rpm. 

Staging. At 16”C, L. picks embryos generally undergo 
synchronous hourly cleavages and form a hollow blastula 
of 128 cells at approximately 8 hr. The blastula walls 
become uniformly thinner as cell division continues. 
Thickening of the vegetal plate can be observed by 16- 
18 hr after fertilization, followed by 1” mesenchyme 
ingression 3-4 hr later. Unlike many species in which 
hatching occurs prior to any mesenchyme ingression, 
hatching in L. pi&us can take place anytime between 16 
and 22 hr postfertilization, depending on the egg batch 
and time of year. Therefore, the thickened vegetal plate 
stage, rather than hatching, is used in this paper to de- 
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fine a stage which reliably occurs 3-4 hr prior to mes- 
enchyme ingression. 

Aphidicolin treatment. Aphidicolin was obtained from 
Flow Laboratories as a gift under the auspices of the 
Natural Products Branch of the Developmental Thera- 
peutics program of NIH. It was prepared as a stock 10 
mg/ml solution in dimethyl sulfoxide (DMSO). Dilutions 
were made into 50 ml of embryo cultures to obtain the 
desired final concentration. 

DNA synthesis, Fifty milliliters of stirring embryo 
cultures received 1 &X/ml of [methyZ-3H]thymidine 
(specific activity 6.7 Ci/mmole) immediately after the 
addition of aphidicolin/DMSO or DMSO alone to the 
cultures. Duplicate lOO-~1 samples were removed from 
each culture and precipitated in 2 ml of 10% trichloro- 
acetic acid (TCA) containing 40 pg/ml of carrier yeast 
tRNA. After 2 hr, the TCA samples were filtered through 
glass fiber filters (Whatman GF/C) which were then 
baked at 150°C for 30 min. Five milliliters of Omnifluor 
scintillant and the commercial tissue solubilizer NCS 
(Amersham) were added to the filters in vials, which 
were then counted in a Beckman liquid scintillation 
counter. 

Autoradiography. Autoradiography was performed 
essentially according to Cox et al. (1984). Five-microm- 
eter thick paraffin sections were attached to glass slides 
which were then dipped in Kodak NTB-2 emulsion, de- 
veloped after 7 days of exposure, and stained with Ehr- 
lich’s hematoxylin. 

Cell counts. Determinations of cell number/embryo 
were made by removing a 1 ml aliquot from each embryo 
culture, pelleting the embryos by hand centrifugation, 
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FIG. 1. Acid-insoluble counts from embryos incubated in 1 &i/ml 
[3H]thymidine with or without 0.2 rg/ml aphidicolin. [(o) control, (m) 
with aphidicolin]. Both the [‘Hlthymidine and aphidicolin were added 
at the late vegetal plate stage (19.5 hr after fertilization). FHJl’hymidine 
was again added to both cultures 24 hr (see arrows) after the first 
addition. 

and resuspending them in 5 ml of a dissociation buffer 
containing 1.5 Mdextrose, 1 mMEGTA (ethyleneglycol- 
bis-NJ’-tetra-acetic acid), and 2 mM magnesium ace- 
tate. Before the embryos dissociated (usually within 15 
min), 5-6 drops of 25 ~1 each were removed and placed 
on a glass slide under a dissecting microscope to count 
the number of embryos per drop. From these values the 
number of embryos per milliliter in the dissociation 
buffer could be determined. Once the embryos were 
completely dissociated by gentle mechanical disruption 
with a Pasteur pipet, the number of cells per milliliter 
could be counted using a hemacytometer. It was then 
possible to determine the number of cells per embryo 
by dividing the number of cells per milliliter by the 
number of embryos per milliliter. This method was found 
to give reproducible results which agreed very closely 
(+lO% on average) with cell counts performed using he- 
matoxylin-stained, squashed whole mounts. 

RESULTS 

Aphidicolin Inhibits DNA Synthesis 

Aphidicolin is an effective and quick-acting inhibitor 
of DNA synthesis in sea urchin embryos. On average, 
Z= 90% inhibition of DNA synthesis was observed in em- 
bryos that were treated from the vegetal plate stage 
onward with 0.2 pg/ml aphidicolin in DMSO in compar- 
ison to control cultures (with or without DMSO). DNA 
synthesis was monitored by adding C3H]thymidine to 
growing cultures and measuring acid insoluble radio- 
activity at various times after the addition of label. A 
typical result is shown in Fig. 1 in which aphidicolin 
and rH]thymidine were added simultaneously at the late 
vegetal plate stage (19.5 hr after fertilization). The per- 
centage of inhibition by aphidicolin was calculated from 
data points at 1 hr after the addition of rH]thymidine, 
since the rapidly dividing control cultures depleted the 
available radioactive thymidine after l-2 hr (as shown 
by the plateau in the control curve after 1.5 hr, Fig. 1). 
Radioactivity, presumably due to [3H]thymidine, re- 
mained in the sea water of aphidicolin-treated embryos 
after 24 hr, but there was no significant increase in acid 
insoluble radioactivity of these embryos, indicating that 
the aphidicolin was probably stable and actively inhib- 
iting DNA synthesis over this prolonged period of time. 
To be certain that the aphidicolin was continuing to in- 
hibit DNA synthesis, fresh rH]thymidine was added to 
aphidicolin and control cultures 24 hr after the first ad- 
dition of label (43 hr after fertilization). Incorporation 
of [3H]thymidine in the control culture resumed rapidly 
while the aphidicolin culture remained inhibited by 92% 
(see arrows, Fig. 1). 

Embryos at stages prior to vegetal plate formation 
(16 hr) showed a greater variability in their response to 
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aphidicolin. For example, in three separate experiments, 
0.2 fig/ml of the drug added to four-cell stage embryos 
inhibited DNA synthesis by 60, 89, or 93%. Similarly, 
experiments in which the drug was added at mid-blas- 
tula stage (8-10 hr) revealed that 0.2 and 0.5 pg/ml of 
aphidicolin inhibited synthesis by only 65 and 72% re- 
spectively. Concentrations of 0.5 pg/ml or more yielded 
greater inhibition of DNA synthesis in these embryos 
(80-U%) but also resulted in lysis after approximately 
15 hr. This is in contrast to embryos of the vegetal plate 
stage which could tolerate concentrations of up to 
2 pg/ml. 

It was necessary to determine whether the inhibition 
of DNA synthesis in mesenchyme blastula and gastrula 
embryos reflected a uniform action of the drug on all 
cells in the embryo, or if some proportion of the cells 
were completely inhibited while the others were rela- 
tively unaffected. For instance, if aphidicolin was unable 
to penetrate the blastocoel wall, it would be expected 
that the mesenchyme and gut cells on the interior would 
escape inhibition by the drug. Therefore, autoradiog- 
raphy was performed on aphidicolin (0.2 pg/ml) and 
control cultures which had developed in the presence of 
rH]thymidine and aphidicolin from mesenchyme blas- 
tula to early prism stage. The control embryos showed 
a robust incorporation of [3H]thymidine into cells in all 
parts of the embryo, including ectoderm, endoderm, and 
mesenchyme (Fig. 2a). The embryos treated with aphi- 
dicolin, while apparently healthy, had comparatively few 
silver grains over nuclei, and this was true in all parts 
of the embryo and in all tissues (Fig. 2b). No subpopu- 
lation of cells escaped the action of the inhibitor. 

Aphidicolin Stops Cell Division in Vegetal 
Plate Stage Embryos 

Inhibition of DNA synthesis was accompanied by a 
parallel inhibition of cell division in embryos treated 
with the drug from the vegetal plate stage onward. This 
effect is apparent in the larger cell sizes of aphidicolin- 
treated embryos compared to those in normal embryos 
of the same stage. In addition, cell counts were done on 
control embryos and on embryos that received aphidi- 
colin at the vegetal plate stage. A typical experiment 
(Fig. 3) shows that cell number in control cultures more 
than tripled from the vegetal plate stage to early pluteus 
stage, increasing from 390 cells to 1371 cells/embryo, 
whereas the aphidicolin-treated embryos ceased to di- 
vide and the cell number remained at 400-500 cells/em- 
bryo throughout their subsequent development. DNA 
synthesis was inhibited by 88% in this particular ex- 
periment. 

Morphology of Aphidicolin-Treated Embryos 

Embryos exposed to aphidicolin from the vegetal plate 
stage onward are able to continue normal morphogenesis 
in the absence of DNA synthesis and cell division. Prior 
to vegetal plate formation, development is arrested by 
aphidicolin at or before the onset of gastrulation. For 
example, four-cell embryos in aphidicolin will undergo 
a single cell division to form a structure containing four 
large and four small cells. This structure persists for 
several hours and is then followed by aberrant, partial 
cleavages to form a “pseudomorula.” Since DNA syn- 
thesis during early cleavage occurs in telophase of the 

FIG. 2. Autoradiographs of rH]thymidine-labeled embryos with and without 0.2 pg/ml aphidicolin. Densely clustered silver grains are found 
over nuclei of all three cell layers in the control (a), while the aphidicolin-treated embryo has comparatively few silver grains over any nuclei 
(b). Cutures were grown for 48 hr in 1 &i/ml rH]thymidine and 0.2 pg/ml aphidicolin beginning at 18 hr after fertilization. At the time of 
fixation, embryos had gastrulated and reached the prism stage. In both sections the outer layer of ectodermal cells and the inner layer of 
endodermal cells are clearly visible. The mensenchymal cells are loosely interspersed between these layers. Scale bar represents 10 pm. 
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FIG. 3. A plot of the number of cells/embryo in aphidicolin-treated 
and control cultures plotted against time after fertilization [(O) control, 
(w) with aphidicolin]. Aphidicolin was added at 164 hr after fertilization 
(vegetal plate stage). Data points were obtained by counting the number 
of embryos/ml in solution, dissociating those embryos, and then 
counting the number of cells/ml using a hemacytometer. From these 
values it was possible to determine the number of cells/embryo. 

preceding division, the occurrence of a single mitosis 
would be expected when aphidicolin is added to cleavage 
stage embryos. Embryos that receive aphidicolin at early 
blastula (8-10 hr, loo-150 cells) form hatched, ciliated 
embryos and develop echinochrome pigment granules, 
but they are unable to gastrulate. The most dramatic 
result is observed when aphidicolin is added to vegetal 
plate stage embryos. As shown in Figs. 4a-d, these em- 
bryos undergo normal mesenchyme ingression, gastru- 
lation, spicule formation, and pluteus formation, all in 
the absence of DNA synthesis and cell division. In these 
experiments, the majority of the embryos displayed this 
normal morphology. However, development does appear 
to be delayed by several hours in aphidicolin cultures as 
compared to controls. For example, the photographs of 
plutei shown in Fig. 4 (c and e) were taken at the same 
time. The two body rods (spicules) of the aphidicolin- 
treated embryo (Fig. 4c, arrows) are parallel but will 
soon constrict to form the apical structure seen in the 
control embryo (Fig. 4e, arrows). In addition, control 
plutei continue to increase in arm length and body size, 
while the aphidicolin embryos remain somewhat stunted 
in this respect. The pattern of gut development follows 
a similar course. Aphidicolin-treated embryos gastrulate 
normally and their guts develop the tripartite structure 
characteristic of the pluteus. Here again, however, de- 
velopment is somewhat retarded, and the various regions 
of the gut, particularly the intestine, do not seem to 
develop the rounded, bulbous shape characteristic of the 
pluteus (arrows, Figs. 4d, f). 

DISCUSSION 

The results presented here confirm previous reports 
that aphidicolin arrests DNA synthesis in sea urchin 
embryos. In addition, our observations on the effect of 
aphidicolin on morphogenesis and development of later 
stage embryos are essentially concordant with those of 
Brachet and DePetrocellis (1981), but there are several 
important differences. First, we did observe hatching to 
occur consistently in aphidicolin-treated, prehatched 
blastulae. Second, we observed greater inhibition of DNA 
synthesis, as well as more extensive development, of 
older embryos than was previously reported. Further- 
more, our results point to the existence of a specific, 
critical stage 3-4 hr prior to mesenchyme ingression 
(referred to in this paper as the vegetal plate stage) 
after which neither cell division nor DNA synthesis are 
required for normal morphogenesis nor overt differen- 
tiation. The discrepancies between our results and those 
of Brachet and DePetrocellis may be due to the different 
sources, and therefore different purities, of the aphidi- 
colin used, which could account for the apparently 
greater toxicity of the drug in their experiments. 

The question arises as to why vegetal plate stage em- 
bryos continue normal morphogenesis in the absence of 
cell division while younger embryos are unable to do so. 
A possible explanation, suggested previously by Cooke 
(1973), is one of simple mechanics, whereby a small 
number of large cells are too bulky and awkward to per- 
form the movements necessary for morphogenesis to oc- 
cur. Cooke’s results, which were remarkably similar to 
ours, revealed that frog embryos receiving mitotic in- 
hibitors no earlier than late blastula developed normally 
to tail bud stage. Thus, in both cases it seems that once 
some minimal number of cells has been reached, whether 
it is late blastula in frogs or at the vegetal plate stage 
in sea urchins, morphogenesis can “unfold” without fur- 
ther cell divisions. These observations are in direct con- 
trast to previous theories which maintained that cell 
division is necessary for morphogenesis. For example, 
it has long been suggested that epithelial folding may 
be due to the “mitotic pressure” caused by crowding of 
dividing cells in epithelial sheets, eventually creating 
the motive force for invagination (Gustafson and Wol- 
pert, 1967). However, in a recent review of this subject 
by Ettensohn (1985), that author found little evidence, 
aside from the one exception of epithelial branching, 
that cell proliferation might produce such mechanical 
forces. Another morphological event, that of archenteron 
elongation during sea urchin gastrulation, has also been 
attributed to cell division (Gustafson and Wolpert, 1967). 
However, a recent analysis of cell size and shape changes 
during archenteron elongation (Hardin and Cheng, 1986) 
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as well as the observations in this paper of normal gas- 
trulation in the presence of aphidicolin, contradict this 
hypothesis. Thus it seems probable that other mecha- 
nisms, such as changes in cell packing, cell shape, ad- 
hesivity, or motility may play a more essential role in 
these aspects of morphogenesis, and cell division is of 
only minor importance. In fact, an antagonism between 
motility and cell division of fibroblasts in culture is 
commonly observed in the cessation of movement and 
subsequent rounding of these cells prior to cytokinesis. 
Furthermore, it has been noted that the primary mes- 
enchyme cells, the first cells in the urchin that demon- 
strate motile activity, are also the first to cease dividing 
(Trinkaus, 1984). Thus it would not be surprising if cell 
division were found to be minimal in regions of an em- 
bryo where cell motility is essential for morphogenetic 
movements. 

It is also important to note that overt differentiation, 
as well as morphogenesis, appears to be relatively un- 
affected by the inhibition of DNA synthesis once the 
embryos have reached the vegetal plate stage. This is 
an interesting result in light of similar experiments in 
ascidian embryos (Satoh, 1981a), which demonstrated 
that DNA replication, rather than cytokinesis or kary- 
okinesis, functions as a clock mechanism for cytodiffer- 
entiation. The muscle-specific enzyme, acetyl cholines- 
terase (AChE), does not appear in ascidian muscle cells 
until the neurula stage, but the control point for expres- 
sion of this gene occurs at the eighth DNA replication 
cycle, several hours prior to neurulation. Presumptive 
muscle cells arrested before the eighth cycle with cy- 
tochalasin B or colchicine (which inhibit cytokinesis and 
karyokinesis, respectively) are later capable of synthe- 
sizing AChE, whereas those arrested by aphidicolin and 
cytochalasin B (to inhibit replication as well as cytoki- 
nesis) do not express AChE. This suggests that some 
event linked specifically to DNA replication is necessary 
to activate AChE expression. However, when aphidicolin 
and cytochalasin are added just one cycle later, AChE 
will be produced by these cells. Therefore, once the crit- 
ical eighth replication cycle is completed, expression of 
the differentiated state, even though it is not evident 
until several hours later, is not affected by inhibition of 
DNA synthesis. Although we have not demonstrated the 
correlation between rounds of DNA replications and dif- 
ferentiation in sea urchins, our results certainly do not 
contradict those of Satoh. It is clear that, after the sea 

urchin vegetal plate stage, DNA replication is not re- 
quired for overt differentiation, although it is not pos- 
sible to draw any conclusions regarding earlier stages. 
This is because our analysis was based only on overt 
differentiation which may have been blocked for other 
reasons, such as the mechanical difficulties mentioned 
earlier in this discussion, or by a greater toxicity of 
aphidicolin to younger embryos. To distinguish between 
the effects of DNA replication and these other effects, 
it would be more suitable to use a molecular marker 
(similar to the frog actins used by Mohun et aL, 1984), 
rather than external morphogenetic markers, to further 
explore this question in developing sea urchins. However, 
the data presented here clearly indicate that the for- 
mation of the gastrula and organ formation in the plu- 
teus are independent of DNA synthesis and cell division 
from the vegetal plate stage onwards. 
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