
Cell surface glycoconjugates have long been known
to play a role in cell adhesion and recognition in
amphibian embryos. Early studies in this laboratory
have shown that changes in cell surface glycoconju-
gates occur during primary induction in Bufo embryos
(Barbieri et al., 1980). Moreover, amphibian embryonic
development is affected by the presence of tuni-
camycin (Romanosky & Nosek, 1980; Sánchez & Barbi-
eri, 1983) and Ara-C (Peralta et al., 1995), both of which
are inhibitors inducing abnormal gastrulation. These
findings show that glycoconjugates (glycoproteins
and/or glycolipids) are necessary for normal gastrula-
tion, even though their role is not completely under-
stood.

Glycosphingolipids (GSL), a group of cell surface
glycoconjugates, are ubiquitous components of the
eukaryotic plasma membrane. These amphipathic
molecules consist of a hydrophobic residue, ceramide,
embedded in the outer leaflet of the lipid bilayer, and a
hydrophilic oligosaccharide chain that extends into the

Introduction

Early amphibian development is characterised by pre-
cisely coordinated cellular interactions in which cell
surface and extracellular molecules are thought to play
an important role (Hay, 1991). Amphibian gastrula-
tion, the most profound change in embryo morphol-
ogy, is accomplished by active cell movements such as
the migration of mesodermal cells, the epibolic move-
ment of the ectodermal wall and the convergence-
extension of the marginal zone (Keller, 1986). In all
these events, cell morphology, attachment, migration
and differentiation may require cell–cell and cell–envi-
ronment interaction.
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Summary

In the present study the role of glycosphingolipids (GSL) in amphibian development was investigated.
We analysed the de novo synthesis of neutral GSL and gangliosides through the initial stages of Bufo are-
narum embryo development and their participation during gastrulation using 1-phenyl-2-palmitoyl-3-
morpholino-1-propanol (PPMP), a potent inhibitor of glucosylceramide synthase. Ganglioside synthesis
began at the blastula stage and reached a maximum during gastrulation (stages 10-12) while neutral GSL
synthesis showed a slight gradual increase, the former being quantitatively more significant than the lat-
ter. Ganglioside synthesis was reduced by 90% while neutral GSL synthesis was inhibited by 65% when
embryos at blastula stage were cultured for 24 h in 20 µM PPMP. The depletion of GSL from amphibian
embryos induced an abnormal gastrulation in a dose-dependent manner. We found that PPMP had a
pronounced effect on development since no embryos exhibited normal gastrulation; their developmen-
tal rate either slowed down or, more often, became totally arrested. Morphological analysis of arrested
embryos revealed inhibition of the gastrulation morphogenetic movements. Analysis of mesodermal cell
morphology in those embryos showed a severe decrease in the number and complexity of cellular exten-
sions such as filopodia and lamellipodia. Mesodermal cells isolated from PPMP-treated embryos had
very low adhesion percentages. Our results suggest that glycosphingolipids participate in Bufo arenarum
gastrulation, probably through their involvement in cell adhesion events.
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aqueous environment at the cell surface (Kopitz, 1997).
GSL are known to change during various cellular
processes that take place during growth and differenti-
ation (for review see Hakomoro, 1981; Kopitz, 1997).
There is increasing evidence that GSL breakdown
products regulate a variety of developmental
processes, including cell proliferation, recognition and
differentiation (Hakomori, 1990; Hannun et al., 1996).
A pharmacological agent termed 1-phenyl-2-palmi-
toyl-3-morpholino-1-propanol (PPMP) has been devel-
oped and characterised as an important inhibitor of
GSL biosynthesis (Radin et al., 1993), and is thus a use-
ful tool for the study of the involvement of GSL in
many cellular processes. PPMP is able competitively to
inhibit UDP-glucose:ceramide β1→glucosyltrans-
ferase (glucosylceramide synthase) (Abe et al., 1992,
1959). Since GSL normally undergo catabolic degrada-
tion, the blockage of glucosylceramide (GlcCer)
biosynthesis should ultimately lead to the depletion of
endogenous GSL, including gangliosides, all of which
are biosynthesised from GlcCer.

In 1991, Hidari et al. determined the composition of
acidic glycolipids in the oocyte of the amphibian Xeno-
pus. More recently, Gornati et al. (1995) established the
pattern of both neutral glycosphingolipids and gan-
gliosides during the first 6 days of Xenopus laevis devel-
opment. Moreover, a neutral glycolipid was found to
be involved in a novel cellular adhesion mechanism.
This glycolipid antigen was developmentally regu-
lated and differentially expressed in the animal hemi-
sphere during the blastula stage (Turner et al., 1992).
The above-mentioned studies suggest that glycosphin-
golipids may be biologically involved in early amphib-
ian development. However, the participation of such
molecules in the various well-defined processes of gas-
trulation has not been fully elucidated.

Amphibian oocytes contain and/or synthesise the
molecular components necessary for the complex
series of morphogenetic events that take place during
early embryonic development. It is a well-known fact
that yolk platelets, the most abundant organelles in
oocytes, provide the organic components, precursors,
templates, structural molecules and tissue-inducing
substances (Carson & Lennarz, 1979; Eckelbarger,
1986; Aybar et al., 1996) required by the oocyte after its
activation. As regards the yolk platelet precursors, in a
previous paper (Villecco et al., 1999) we described the
presence of abundant lipid droplets in the multivesic-
ular body, where lipoproteins condense to form the
yolk during oogenesis. GSL might either be synthe-
sised during oogenesis and remain stored in the egg
yolk prior to fertilisation; or they could be synthesised
during the early stages of embryonic development,
constituting a fraction of the total amount of glycol-
ipids present in the embryo. In order to examine the
latter possibility, in the present paper we report our
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investigation of the de novo synthesis of GSL during the
early stages of Bufo arenarum development, placing
special emphasis on the effects of the inhibition of such
synthesis by PPMP during gastrulation.

Materials and methods

Embryos

Bufo arenarum embryos were obtained by artificial fer-
tilisation and cultured, dejellied and staged as previ-
ously described (Genta et al., 1997).

Metabolic labelling of gangliosides

Metabolic labelling of glycosphingolipids was per-
formed using N-[3H]acetyl glucosamine (NEN, UK),
specific activity 35.4 mCi/mmol. In order to analyse
the incorporation of the radioactive precursor into
glycosphingolipids and gangliosides during early
amphibian development, batches of embryos were cul-
tured in 10% Ringer’s solution containing 15 µCi/ml
N-[3H]acetyl glucosamine. After fertilisation, embryos
were cultured until different developmental stages
were reached (7, 8, 9, 12, 13, 14 and 15). After labelling,
embryos were washed three times with Ringer’s solu-
tion and then homogenised by sonication in ice-cold
distilled water. An aliquot was removed to determine
the uptake of the radioactive precursor. In the remain-
ing homogenate, the macromolecules were precipi-
tated with cold 10% trichloroacetic acid (TCA) to
determine the incorporation of the precursor into
glycoproteins. The suspension was centrifuged at 400 g
for 20 min and the precipitates passed through What-
man GF/C glass fibre filters. After washing the precip-
itates on the filters with cold 5% TCA, filters were dried
and placed in a scintillation solution containing 0.2%
PPO and 10% naphthalene in dioxane, and radioactiv-
ity was estimated in a Beckman liquid scintillation
spectrometer. The incorporation of the radioactive pre-
cursor into both the neutral glycolipid fraction and the
ganglioside fraction was determined by the extraction
and purification of each. A neutral glycolipid fraction
was obtained as described by Spiegel et al. (1988). The
ganglioside fraction was purified from embryo
homogenates as described by Daniotti et al. (1990). The
respective fractions were dried, and samples measured
for radioactivity by liquid scintillation spectrometry as
described above.

Inhibitor

To monitor the various effects of the inhibitors of gly-
cosphingolipids biosynthesis on embryonic develop-
ment and glycolipid synthesis, blastulae, early gastrula



and midgastrula embryos were cultured for 24 h in
10% Ringer’s solution with or without the PPMP
inhibitor (D-threo-1-phenyl-2-palmitoyl-3-morpholino-
1-propanol, PDMP; Matreya, PA) at different concen-
trations. To facilitate the penetration of the inhibitor
into the blastocoele, the vitelline envelope was
removed and small slits made on the animal pole of the
blastulae with a tungsten needle and a hair loop. The
same procedure was carried out in the control embryos
in a saline medium. Sterile procedures were employed
in all embryo cultures. At various times, embryos were
observed under a stereo microscope. After incubation
with inhibitors, embryos were fixed and processed for
scanning electron microscopy (SEM) as previously
described (Peralta et al., 1995). Ganglioside and glyco-
protein labelling in inhibitor-treated and control
embryos was performed by adding 15 µCi/ml N-
[3H]acetyl glucosamine to the culture medium as
described above.

The degree of gastrulation was determined by the
extent of pigmentation and by the size of the yolk plug
in the vegetal view of embryos (external criteria
according to Del Conte & Sirlin, 1951) up to the period
when control embryos reached the final gastrula stage.

Whole-mount immunocytochemistry

Gangliosides were located by whole-mount immuno-
cytochemistry in Bufo arenarum embryos at the blastula
and gastrula stages. Selected areas from different
regions of the embryos were excised and fixed in 4%
formaldehyde in Barth’s medium, pH 7.4, for 1 h at
room temperature. All fragments excised were assayed
for cell breakage and viability as previously described
(Genta et al., 1997). No cytolysis ascribable to the
microdissection procedure was detected (viability >
99%). Fixed specimens were then carefully rinsed in
Barth’s medium containing 3% bovine serum albumin
(BSA) for 2 h. For immunofluorescence staining, speci-
mens were incubated in 0.5 mg/ml cholera toxin B sub-
unit (CTB) for 2 h at room temperature, rinsed and
incubated again with rabbit anti-CTB antibodies (1:200
dilution) for 2 h at room temperature. After washing,
specimens were treated with fluorescein isothio-
cyanate (FITC)-conjugated anti-rabbit antibodies
(1:200 dilution) for 2 h at room temperature. After
blocking, specimens were incubated with human anti-
GM1 antibodies prepared as described above (dilution
1:200) for 2 h at room temperature. After washing,
specimens were treated with FITC-conjugated anti-
human antibodies (1:200 dilution) for 2 h at room tem-
perature. After immunofluorescent staining, speci-
mens were washed in Barth’s medium and mounted in
Nowiol (Hoechst, Germany). Fluorescence was visu-
alised using a Nikon microscope with appropriate fil-
ters for fluorescein.
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Control specimens were treated with anti-GM1 anti-
bodies preadsorbed with an excess amount of pure
GM1 or CTB preincubated with an excess amount of
GM1, with a non-immune rabbit IgG fraction or with-
out the primary antibody; they were then incubated
with the corresponding FITC-conjugated antibodies.
To distinguish between a glycolipid and a possible gly-
coprotein receptor for CTB, the following procedure
proposed by Wu et al. (1995) was used. Specimens were
immersed in chloroform:methanol (1:1, v/v) at room
temperature for 15 min and then staining was per-
formed as described above. This treatment produced
no fluorescence, thus indicating the existence of a lipid
receptor for CTB. Another indication of CTB or anti-
GM1 binding to a lipid receptor was the fact that CTB
and anti-GM1 antibody did not show specific binding
to embryo glycoproteins separated by SDS-PAGE and
transferred to nitrocellulose filters (data not shown). In
agreement with these results, glycoproteins showed no
immunofluorescent staining with CTB or anti-GM1 in
chloroform:methanol-delipidated explants.

Cell adhesion assay

The adhesion assay was performed as described previ-
ously (Peralta et al., 1995). Mesodermal cells were
removed from control and inhibitor-treated embryos
with a hair loop and disaggregated in a dissociation
medium (Ca2+- and Mg2+-free double ‘A’ Niu-Twitty
solution containing 2 mM EDTA) (Barth & Barth, 1959)
for 30–60 min at room temperature. Adhesive sub-
strata were conditioned by deposition of native extra-
cellular matrix from fragments of the blastocoele roof
of early gastrula stage on glass coverslips, according to
Nakatsuji & Johnson (1983). Between 250 and 300
mesodermal cells were obtained from individual
embryos at the early gastrula stage and transferred
onto conditioned substrata. After 90 min of incubation
to allow cell adhesion, cultures were scored for per-
centage of attached cells. Control slides were coated
with 100 µg/ml BSA in Barth’s solution.

Results

Glycosphingolipid biosynthesis during
development: effect of PPMP

To determine whether glycosphingolipid synthesis
could be an early developmental event we assessed the
in vivo uptake and incorporation of the radioactive pre-
cursor N-[3H]acetyl glucosamine by the embryo into
the neutral glycolipids as well as into the ganglioside
fraction. Results (Fig. 1) indicate that the rate of 
N-[3H]acetyl glucosamine uptake by the embryos
reached a maximum at stage 10, just at the onset of the



gastrulation process. Ganglioside synthesis began at
the blastula stage (stage 8) and increased gradually,
reaching a maximum during gastrulation (stages
10–12). Then, a transient decrease in ganglioside syn-
thesis was observed at the beginning of neurulation
(stages 13–14), followed by another increase in the
incorporation of the radioactive precursor. As regards
neutral glycosphingolipid biosynthesis, a slight grad-
ual increase was observed throughout the develop-
mental period analysed in this study. The results of the
synthesis of gangliosides and neutral glycosphin-
golipids seem to indicate that there is a stronger
requirement for the former during gastrulation.

To demonstrate the effect of PPMP on GSL synthe-
sis, control and PPMP-treated embryos were pulsed
with N-[3H]actyl glucosamine. The biosynthesis of gly-
cosphingolipid was inhibited by PPMP as shown in
Table 1. The incorporation of the radioactive precursor
into the ganglioside fraction was reduced in a dose-
dependent manner in those embryos cultured with the
inhibitor. Ganglioside synthesis showed a 90%
decrease when embryos were cultured for 24 h in 20
µM PPMP while neutral glycolipid synthesis under-
went 65% inhibition under the same experimental con-
ditions. Consequently, the inhibition of glycolipid syn-
thesis might lead to a significant decrease in the
content of glycolipids during development. The maxi-
mum concentration of the inhibitor (20 µM) used in
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this study produced only a slight effect on glycopro-
tein synthesis, since only a 12% decrease in the incor-
poration of the precursor was observed.

Effect PPMP on embryonic development

Table 2 summarises the results from a series of three
experiments with embryos from different females.
Treated embryos cultured from the blastula stage in
the presence of different concentrations of PPMP
exhibited a significant slowing down in their develop-
mental rate and an almost immediate arrest of devel-
opment in a dose-dependent manner.

In control experiments, all embryos completed gas-
trulation during the same experimental period. The
increase in the number of arrested embryos was con-
comitant with the increase in the concentration of
PPMP (Table 2). When 20 µM PPMP was incorporated
into the culture medium, nearly 35% and 65% delayed
and arrested embryos were produced, respectively.
Although the proportion of affected embryos varied
when different concentrations of the inhibitor were
tested, the same effects were consistently induced by
the antimetabolite in all experiments. Similar results
were obtained when embryos were cultured with
PPMP from early and midgastrula stages. No toxicity
of the inhibitor was observed under the assay condi-
tions since cell viability was not reduced and the bio-

Figure 1 Biosynthesis of neutral glycosphingolipids and gangliosides during early development. Batches of embryos were cul-
tured with 15 µCi/ml using N-[3H]acetyl glucosamine in 10% Ringer’s solution. Neutral glycosphingolipid and ganglioside
fractions were isolated and the incorporation of a radioactive precursor was measured as indicated under Materials and
Methods.



logical effects of the treatment could be reverted by
elimination of PPMP from the culture medium up to
12–15 h after the beginning of the experiment. Addi-
tional evidence of the lack of toxicity of PPMP was pro-
vided when PPMP-treated embryos were cultured in
the presence of GlcCer in order to bypass the inhibi-
tion, since when using this combined treatment most
embryos were found to develop normally, with only
12% delayed embryos and no arrested ones.

Taking into account the fact that the inhibition of
UDP-glucose:β1-glucostyltransferase by PPMP may
promote the accumulation of ceramide, we investi-
gated whether the effect of PPMP on embryonic devel-
opment was a result of high levels of ceramide rather
than of the inhibition of the synthesis of complex gly-
cosphingolipid. Embryos incubated with 20 µM
ceramide showed no alteration in their development.
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This result would support the idea that PPMP not only
blocks normal gastrulation but also inhibits glycosph-
ingolipid biosynthesis. This fact led us to think that
complex GSL, which could be blocked by PPMP, might
be required in certain gastrulation events.

Effect of PPMP on gastrulation processes

To determine the effect of GSL depletion on gastrula-
tion processes we analysed the morphological alter-
ations observed in PPMP-treated embryos. The general
external appearance of the arrested embryos treated
with the different doses of PPMP was not markedly
different form that of blastula embryos except for a
slight tendency to cell dissociation. Midsagittal sec-
tions of arrested embryos showed a single rounded,
enlarged cavity formed by a slight expansion of the
blastocoele cavity into the endodermal mass (Fig. 2A).
This cavity appeared to be completely depleted of
extracellular matrix (ECM) and no deposition of mate-
rials on cell surfaces could be detected (Fig. 2A, C, D).
No involution was observed and no migrating meso-
dermal cells were found in arrested embryos.

During epiboly, the ectodermal layer of normal
embryos turned into a thin smooth layer of epithelial
cells (2 to 3 cells thick, Fig 2B) after their local inward
or outward migration along the radii of the embryo
(radial interdigitation). In addition, a spreading of the
outer ectodermal layer occurred. In PPMP-treated
embryos normal epiboly never occurred and no radial
interdigitation was observed since the blastocoelic roof
layers remained unchanged (Fig. 2A).

Effect of PPMP on cell morphology and adhesion

Cellular morphology was analysed by scanning elec-
tron microscopy in those embryos treated with 20 µM
PPMP that exhibited a 1 or 2 stage delay in their devel-
opment. The morphology of both ectodermal and

Table 1 Effect of PPMP on the synthesis of neutral glycolipids, gangliosides and glycoproteinsa

Neutral glycolipid synthesis Ganglioside synthesisb Glycoprotein synthesisc

c.p.m. 10–3/mg Inhibition c.p.m. 10–3/mg Inhibition c.p.m. 10–3/mg Inhibition
PPMP protein (%) protein (%) protein (%)

– 126.36 ± 16.25 0 221.59 ± 18.81 0 316.23 ± 21.63 0
1 µM 64.52 ± 11.23 48.9 132.23 ± 21.44 40.3 291.22 ± 17.16 7.9
5 µM 54.17 ± 14.77 57.1 54.19 ± 11.51 75.5 288.81 ± 15.17 8.6
10 µM 51.89 ± 12.54 58.9 36.56 ± 8.22 83.5 280.02 ± 14.36 11.4
20 µM 43.31 ± 13.09 65.7 20.10 ± 5.91 90.9 276.16 ± 17.08 12.6

aThe values represent the mean ± SD of three different experiments. Blastula embryos (stage 9) were cultured for 24 h with or
without PPMP in 10% Ringer’s solution containing 15 µCi/ml N-[3H]acetyl glucosamine.
bGanglioside labelling was analysed by isolation of the total ganglioside fraction as described in Materials and Methods.
cGlycoprotein labelling was analysed in the precipitated material by 10% TCA.

Table 2 Effect of PPMP on gastrulation of Bufo arenarum
embryos

No.
Effect on development

PPMP of embryosa Delayb (%) Arrestc (%)

– 210 0 0
1 µM 210 71.90 ± 2.18 28.10 ± 2.18
5 µM 210 64.28 ± 2.86 35.72 ± 2.86
10 µM 210 44.75 ± 7.86 55.25 ± 7.86
20 µM 210 34.76 ± 2.97 65.24 ± 2.97
20 µM + 20 µM GlcCer 210 12.33 ± 2.51 0

GlcCer, glycosylceramide.
aTotal number of embryos in three experiments made with
embryos from different females.
bThe progression of gastrulation was assessed by observing
the external criteria for gastrulation defined by Del Conte &
Sirlin (1951). Embryos with development delay of 1 or 2
stages with respect to control embryos were considered.
cEmbryos arrested at the beginning of treatment.



mesodermal cell populations was affected by treat-
ment with PPMP. The main effect observed was a
severe decrease in the number and complexity of the
cellular processes of mesodermal cells, particularly
those involved in cell-cell and cell-ECM interactions,
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such as lamellipodia and filopodia (Fig. 3B, D).
Changes in the intercellular contacts were also
observed. The ectodermal cells of the blastocoelic roof
lost their epithelial morphology and acquired a
rounded shape (Fig. 2C).

Figure 2 Morphological analysis of the effect of PPMP on the gastrulation of Bufo arenarum embryos. (A) Inner view of a mid-
sagittal fracture of a PPMP-treated embryo. Embryos were fixed when controls reached the gastrula stage (stage 12). bl, blas-
tocoele. (B) Blastocoelic cavity and blastocoelic roof of a normal embryo at the gastrula stage. Note the presence of extracellu-
lar materials in the blastocoelic cavity (bl). (C) Blastocoelic roof of a PPMP-treated embryo fixed when control embryos reached
stage 12. No radial interdigitation of ectodermal cells and no extracellular materials can be seen in the treated embryos. (D)
Blastocoelic floor of a PPMP-treated embryo. (E) Blastocoelic floor of a control embryo. Note the presence of numerous cellu-
lar projections and extracellular matrix deposition (arrowhead). Scale bars represent: A, 150 µM; B, 50 µm; C, 20 µm; D, 15 µm;
E, 15 µm.



From the above, we thought it a matter of interest to
determine whether PPMP induced changes in the
adhesiveness of mesodermal cells. Changes in cell
adhesion were analysed in dissociated mesodermal
cells isolated from the controls and from PPMP-treated
embryos (Table 3). After a 90 min incubation on a
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native extracellular matrix substrate, mesodermal cells
from control embryos adhered and spread normally,
becoming flattened and polygonal. In contrast, PPMP-
treated mesodermal cells remained spherical and
showed neither attachment to the substratum nor
spreading. PPMP induced a strong inhibition in the

Figure 3 Effect of PPMP on mesodermal cell morphology. (A), (C) Cellular projections of mesodermal cells of stage 10.5 con-
trol embryos. Migrating mesodermal cells show lamellipodia and filopodia contacting between the cells and the extracellular
matrix. (B), (D) Mesodermal cells of PPMP-treated embryos that showed a 1 to 1.5 stage delay in their development (fixed when
control embryos reached stage 11). Note the decrease in the number and complexity of cellular processes. Scale bars represent:
A, 3.5 µm; B, 10 µm; C, 5 µm; D, 10 µm.

Table 3 Effect of PPMP in the development of Bufo arenarum embryos and in cellular adhesion to native extracellular matrix
substratea

No. of Normal Abnormal
Inhibitor embryos embryos embryosb Cell adhesionc

– 300 93.67 ± 3.51 6.33 ± 3.51 94.33 ± 1.52
PPMP (20 µM) 300 – 100 5.33 ± 2.50
PPMP (20 µM) + GlcCer (20 µM) 300 90.66 ± 1.52 9.34 ± 1.52 85.33 ± 3.51
Ceramide (20 µM) 300 92.67 ± 2.51 7.33 ± 2.51 92.00 ± 3.60

GlcCer, glucosylceramide.
aThe values represent the mean ± SD of three different experiments. Blastula embryos (stage 9) were cultured for 24 h with or
without PPMP, GlcCer and ceramide in 10% Ringer’s solution.
bThe progression of gastrulation was assessed by observing the external criteria for gastrulation defined by Del Conte & Sirlin
(1951).
cExpressed as the percentage of cells firmly adhered to the substratum. Treated and control embryos were dissociated and
mesodermal cells cultured on native extracellular matrix substratum as described under Materials and Methods.



ability of mesodermal cells to adhere to the native ECM
substrate. The addition of GlcCer to the PPMP-con-
taining medium in order to bypass the inhibition
restored to normality the diminished adhesion of
mesodermal cells. Moreover, treatment of embryos
with 20 µM ceramide produced no effect on the adhe-
sion properties of isolated mesodermal cells.

Effect of PPMP on the expression of the GM1
ganglioside

Whole-mount immunocytochemistry was used to
study the expression of GM1 on the cell surfaces of
embryo regions that actively participate in morpho-
genetic gastrulation movements. Embryos cultured in
the presence of 20 µM PPMP exhibited a loss of expres-
sion of the GM1 ganglioside on the inner surface of the
blastocoelic roof (Fig. 4A). In contrast, control embryos
showed positive GM1 staining that became more
strongly marked at the zones of intercellular contacts
and around the cell periphery (Fig. 4B).

Discussion

Glycosphingolipids have been suggested to play vari-
ous important roles during nervous system develop-
ment in many biological systems (see Rösner, 1993) but
little information is available as regards the presence
and participation of glycosphingolipids in early
embryonic development. Previous studies in amphib-
ians suggested that cell surface N-linked glyconjun-
gates (Sanchez & Barbieri, 1983; Romanosky & Nosek,
1980) and glycolipids (Peralta et al., 1995) are important
recognition factors during embryonic development.
There is increasing evidence that GSL and especially
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gangliosides are expressed during amphibian develop-
ment and may be involved in the cellular events that
take place during development (Turner et al., 1992;
Gornati et al., 1995; Kubo et al., 1995).

In 1974, Stearns suggested that yolk platelets pro-
vide the organic components used during segmenta-
tion and in cell–cell recognition during gastrulation
(Stearns, 1974). More recently, Kuksis (1992) proposed
that glycosphingolipid could be synthesised or stored
in amphibian eggs during vitellogenesis. However, the
nature of the cell surface molecules that influence the
progression of morphogenesis remains only partially
understood. To better understand the role of GSL in
amphibian development, we analysed the de novo syn-
thesis of neutral glycosphingolipids and gangliosides
through the initial developmental stages of Bufo are-
narum embryos. Ganglioside synthesis began at the
blastula stage and reached a maximum during gastru-
lation (stages 10–12). These changes suggest that
gangliosides could be developmentally regulated.
Although neutral glycosphingolipid synthesis
increased gradually during the analysed period, gan-
glioside synthesis appeared to be quantitatively more
significant than neutral glycolipid synthesis. These
results are in agreement with those of Gornati et al.
(1995, 1997) who, working on the development of
Xenopus laevis, reported very low amounts of neutral
glycolipids together with low activity of the various
enzymes involved in the biosynthetic pathway of these
glycolipids.

In the present study, we investigated the conse-
quences of a blockage in the synthesis of GSL on
embryonic development using D-threo-PPMP (PPMP),
a potent inhibitor of UDP-glucose:ceramide glucosyl-
transferase (Radin et al., 1993; Abe et al., 1992, 1995).
This inhibitor provides a new method for reducing gly-

Figure 4 Effect of PPMP on GM1 ganglioside expression. (A) In situ distribution of GM1 in whole mounts of the inner surface
blastocoelic roofs of stage 11 control embryos. (B) In situ distribution of GM1 on the inner surface of the blastocoelic roof of
PPMP-treated embryos (fixed when controls reached stage 11). PPMP caused depletion of glycosphingolipids from cellular
membranes and no specific fluorescence can be seen. Scale bars represent 20 µm.



cosphingolipid biosynthesis and decreasing the
amount of cellular glycosphingolipids. Thus, PPMP
and its congeners have been shown to effectively
deplete GSL from the cellular membranes of 3T3 cells
(Inokuchi & Radin, 1987), Madin-Darby canine kidney
cells (Abe et al., 1992), neuroblastoma cell lines
(Uemura et al., 1991), A431 cells (Barbour et al., 1992)
and many other cellular systems.

We found that PPMP had a pronounced effect on
development since no embryos exhibited normal gas-
trulation; their developmental rate either slowed down
or, more often, became totally arrested. To investigate
the possibility of a direct correlation between PPMP-
induced inhibition of GSL synthesis and arrested gas-
trulation, we determined the amount of radioactive
glucosamine in both neutral GSL and gangliosides as a
measure of the biosynthesis of the molecules synthe-
sised from GlcCer. The incorporation of a radioactive
precursor into gangliosides that are synthesised dis-
tally from the PPMP blocking site was lower than that
found in neutral GSL. Consequently, the most strongly
affected glycolipid synthesis was that of gangliosides.
This fact suggests that embryonic cells might use Glc-
Cer to make complex gangliosides. In this context,
results showed that complex GSL are required for nor-
mal gastrulation. In agreement with this fact, when the
PPMP-containing medium was supplemented with
GlcCer, mesodermal cell adhesiveness and complete
gastrulation returned to normal. In contrast with our
results, in the living medaka fish PDMP produced
embryos that developed almost normally even though
glycolipid synthesis and antigen cell surface expres-
sion were reduced (Fenderson et al., 1992).

The morphological analysis of arrested embryos
evidenced the inhibition of morphogenetic movements
since no radial interdigitation, epiboly of the ectoder-
mal wall, mesodermal cell migration or convergence-
extension of marginal zones could be observed. The
analysis of mesodermal cell morphology in those
embryos showed a severe decrease in the number and
complexity of cellular extensions such as filopodia and
lamellipodia. These cells also lost their cell-cell and
cell-contacts. This observation was confirmed by
studying in vitro cellular adhesiveness to the native
ECM substrate. In in vitro culture mesodermal cells
normally attach, spread and migrate on ECM protein
substrates (Alfandari et al., 1995; Ramos et al., 1996).
However, mesodermal cells isolated from PPMP-
treated embryos evidenced very low adhesion percent-
ages. Recently, various gangliosides have been pro-
posed as mediators of neuronal (Hakomori, 1990;
Zeller & Marchese, 1992) and embryonic chick retinal
neural cell adhesion (Blackburn et al., 1986). In non-
neuronal cells, such as melanoma cells (Inokuchi et al.,
1989), human leukaemia cells (Kan & Kolesnick, 1992)
and GSL-deficient mutant cell lines (Hidari et al., 1996),
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adhesion was reduced when GSL were depleted from
the plasma membrane by PDMP. Three is also consid-
erable evidence demonstrating that some GSL are
located at the focal contact and interact with integrins
(Cheresh et al., 1984, 1987; Zheng et al., 1992, 1993; Bar-
letta et al., 1993; Merzak et al., 1995), which are already
known to play a role in amphibian development
(Alfandari et al., 1995; Ramos et al., 1996; Lallier et al.,
1996). It has been suggested that the adhesion of the
cells to ECM proteins could be mediated by complex
glycosphingolipids and integrins at the focal contact.
Consequently, the absence of complex glycosphin-
golipids may disrupt the adhesive function of inte-
grins, thus leading to altered development.

A signal transduction pathway initiated by sphin-
gomyelin hydrolysis and leading to the generation of
the second messenger ceramide has been proposed
(Hannun et al., 1996; Kolesnick & Krönke, 1998).
Although there is increasing information as regards
the ceramide pathway, its involvement during early
development has not been explored. It has been sug-
gested that PPMP treatment might raise ceramide lev-
els (Schwarz et al., 1995; Posse de Chaves et al., 1997).
Consequently, when using PPMP, it is essential to dis-
tinguish between effects caused by changes in the lev-
els of this bioactive intermediate and the effects caused
by the depletion of complex glycosphingolipids. In our
experiments, the lack of effect on embryonic develop-
ment of incubation with ceramide and the ability of
GlcCer to reverse the effects of PPMP even in presence
of the inhibitor, strongly suggest that the alterations
found in gastrulation are due to the depletion of com-
plex GSL. A similar explanation has been suggested for
the changes in cell morphology and growth produced
by PPMP in hippocampal neurons (Schwarz et al., 1995)
and Swiss 3T3 fibroblasts (Meivar-Levy et al., 1997).

There is increasing evidence that GSL are not ran-
domly distributed at the cell membrane but rather are
self-assembled to form clusters or glycosphingolipid-
enriched microdomains. These structures were found
participating in both cell adhesion and signal trans-
duction through a coupled mechanism (Iwabuchi et al.,
1998a, b; Hakomori et al., 1998). It is probable that GSL
depletion by PPMP treatment causes a failure in such
functional domains, but whether or not a similar
process occurs in amphibian cells during development
certainly deserves additional investigation.

In this study we have shown developmentally asso-
ciated changes in glycosphingolipid biosynthesis. Evi-
dence has been presented that glycosphingolipids par-
ticipate in Bufo arenarum gastrulation, probably
through their involvement in cell adhesion events.
However, further studies will be necessary to provide
deeper insights into the involvement of glycosphin-
golipids in the complex molecular mechanisms of
gastrulation.
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