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Valproic acid (VPA) is an anticonvulsive drug used in the treatment of epilepsy. Ter-
atogenic effects of VPA have been described in different animal species. In this study,
we investigate the effects of VPA on the development of Xenopus laevis embryos, by
short pulse treatments (4 h) with relation to the dose and the stage of exposure to the
drug. We exposed Xenopus embryos from blastula to stage 32 to three different doses
of VPA (0.25, 5, and 10 mM) and we allowed these to develop until the controls
reached stage 47. The embryos became more sensitive during the stages of neurula-
tion, as observed in mouse and differently from Amblystoma, in which the more severe
effects were produced by treatments at blastula stage. The malformations observed
were similar to those described in mammals and other amphibians and consisted in
developmental delay, perturbation of neural crest migration, and somite segmentation.
We also observed abnormal development of the retina, which had never been described
for VPA treatments. Therefore we analyzed the relation between VPA-induced eye
malformations and the expression of Pax-6. We examined VPA-treated Xenopus em-
bryos by whole mount in situ hybridization for mis-expression of Pax-6 in correlation
with eye anomalies. Our results are consistent with the hypothesis that different mem-
bers of Pax gene family are candidate target of VPA teratogenic action and in particu-
lar the decreased level of Pax-6 expression, shown by Northern blot analysis, is
responsible for the retinal malformations we observed in VPA-treated Xenopus em-
bryos.  Teratogenesis Carcinog. Mutagen. 21:121–133, 2001.© 2001 Wiley-Liss, Inc.
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INTRODUCTION

Valproic acid (VPA), 2-n-propylpentanoic acid, is an anticonvulsive drug that is used
in the treatment of different seizure disorders. Teratogenic effects of VPA have been de-
scribed in different animal species. In humans fetuses, exposed in utero to VPA, craniofa-
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cial anomalies, spina bifida, and developmental delay were observed [1–5]. Similar cran-
iofacial malformations were obtained in monkeys and rats by exposure to VPA during
organogenesis [6]. VPA induces neural tube defects (exencephaly and spina bifida) in
mice but not in rats [7]. In chicken, VPA treatment affected mainly the somite develop-
ment, causing somitic fusions or mis-segmentation and disorganizing somite patterning
[8]. In the amphibian Amblystoma mexicanum the malformations caused by VPA con-
sisted of absence of closure of the neural tube, somite irregularities, and developmental
delay. In Xenopus, embryos, developmental delay and, only in a few cases, neural tube
defects are reported [9]. Apart from a general developmental delay, which may be due to
a generalized effect of the drug, the anomalies induced by VPA treatments are different in
the different species. This can be due to an intrinsic difference of sensibility to VPA among
the species, but the disparity of response to VPA action may be also correlated with the
difference in timing and dosage of the treatments. In fact, in mammals, VPA was given
during somitogenesis and neurulation, both in vitro and in vivo [7,10]. Amphibians were
exposed to a pulse treatment of VPA from early blastula to late gastrula [9]. Chicken
showed the highest sensibility when treated with VPA between Hamburger and Hamilton
[11] stages 12/13 to approximately H.H. stage 20 [8].

In this study, we further investigate the effects of VPA on the development of Xeno-
pus laevis embryos, by short pulse treatments (4 hours), in relation to the dose and the
stage of exposure to the drug, in order to better understand if there is a correlation be-
tween the incidence, the kind of malformations, and the main developmental events that
occur during the administration of the drug. The malformations observed were similar to
those described in mammals and other amphibians. We also observed eye malforma-
tions, whose occurrence was occasionally reported in VPA-treated Xenopus [12].

The anomalies in development of the retina were very similar to those observed in
Pax-6 mutant mice [13]. Small eye mutant mice, carrying a dominant mutation of Pax-
6, show folding of the anterior margins of the optic cup and infiltration of mesodermal
cells [16]. The Pax genes are a family of developmental control genes. They contain the
paired box, a highly conserved sequence that encodes a DNA-binding motif of 128
amino acids [15]. All Pax genes have a temporally and spatially restricted expression
pattern during embryogenesis, consistent with a regulatory role in development. Pax-6
is a master control gene, which has been used also as a molecular marker of evolution-
ary homologous eyes in different phyla. In Xenopus, it is first expressed at late gastrula
(stage 12, N. & F. [16]) in the primordium of the neural tube and in a broad stripe that
encompasses the anterior neural plate [17]. By stage 12.5, two distinct patches of Pax-6
expression are visible in the presumptive lens ectoderm.

In this report, the relation between VPA induced eye malformations and the ex-
pression of Pax-6 is analyzed. We examined VPA-treated Xenopus embryos by whole
mount in situ hybridization for mis-expression of Pax-6 in correlation with eye anoma-
lies. Our results are consistent with the hypothesis that decreased levels of Pax-6
expression may be responsible of the retinal malformations we observed in VPA-
treated Xenopus embryos.

MATERIAL AND METHODS
Valproic Acid Treatment

Selected pairs of Xenopus laevis were injected with human chorionic gonadot-
ropin (HCG) to stimulate ovulation and spawning. Males were first injected with
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100 I.U. and, after 2 days, with a second dose of 200 I.U. The same day, females
were injected with a single dose of 300 I.U. Eggs were collected and manually
dejellied under a dissecting microscope. Normally developing embryos were selected
and raised in modified Barth’s saline (MBS) buffer (88 mM NaCl, 1 mM KCl, 0.7
mM CaCl2, 1 mM MgSO4, 5 mM HEPES, pH 7.8, and 2.5 NaHCO3) at 21°C until
they reached the useful developmental stages. VPA treatment was started at eight
different stages: 7, 10, 13, 15, 17, 20, 27, and 34, according to the normal table of
development of Nieuwkoop and Faber [16]. For each stage, three concentrations of
VPA (2-n-propylpentanoic acid sodium salt; Sigma Chemical Corp., St. Louis, MO),
were applied: 0.25 mM, 5 mM and 10 mM. Dilutions were made from a stock solu-
tion of 0.1 M VPA. Control embryos were maintained in MBS buffer. Twenty-five
embryos for each combination of VPA concentration and stage were treated in plas-
tic Petri dishes (60 × 15 mm) containing 20 ml of solution. Each experiment was
performed six times (n = 150). The embryos were exposed to VPA for 4 h and then
they were reared in MBS. The medium was changed daily using a solution freshly
prepared from a 10× stock, and dead embryos, if any, were removed. When controls
reached stage 47, all surviving embryos, except three for each treatment, were fixed
in Bouin’s solution and examined under a dissecting microscope. To better analyze
the somites, the skin of some specimens was ablated using watchmaker forceps. The
number of dead embryos and the type and frequency of malformations were recorded.
We scored the embryos according to evident abnormalities on eye development, somite
segmentation, and pigment distribution.

Histology

Three embryos for each treatment, randomly chosen, were let to develop for
two more days, until they reached a developmental stage comparable with stage 47
of control embryos and were prepared for histology. After an overnight staining in
borax-carmine, the embryos were dehydrated and embedded in paraffin. Cross sec-
tions of 6 µm thickness were cut and stained with aniline-blue-orange G [18].

Northern Analysis of Pax-6 Expression

Total RNA was isolated from five Xenopus embryos treated at stage 20 (N. & F.)
with 10 mM VPA and from five control embryos treated with MBS solution alone
(see above). Total RNA was extracted using guanidine thiocyanate [19] and analyzed
by Northern blot analysis. Northern blot analysis was performed according Sambrook
et al. [20]; 20 µl of total RNA for each sample were fractionated by agarose gel
electrophoresis and blotted. Prehybridization was carried at 42°C in 50% formamide,
0.5 M sodium phosphate, 0.1% sodium dodecyl sulfate (SDS), and 2× Denhardt’s
reagent. Hybridization was done at 42°C using 32P-labeled Pax-6 cDNA. EtBr-stained
ribosomal RNA bands were used for normalization of RNA loads. The intensity of
the hybridization signal was determined by densitometric analysis of the autoradio-
gram using ImageMasterTM VDS Software (Pharmacia Biotech, Uppsala, Sweden).

Whole-Mount In Situ Hybridization

Whole-mount in situ hybridization was performed according Hemmati-Brivanlou
et al. [21] with some modifications. Xenopus embryos treated with 10 mM VPA at
stage 15 for 4 h and control embryos harvested in MBS were fixed in MEMFA (0.1
M MOPS, pH 7.4, 2 mM EGTA, and 1 mM MgSO4) for 1 h, when the controls



124 Pennati et al.

reached stage 32. After rehydratation the embryos were treated with proteinase K (5
µg/ml) for 30 min, then rinsed, and refixed in 4% paraformaldehyde for 30 min.
Embryos were bleached in 50% formamide; 5×SSC;1% H2O2 under a fluorescent
light for 30 min and then were placed in prehybridization solution (50% formamide,
5×SSC, 0.1% Tween-20, 50 µg/ml heparin, 5% blocking reagent, 500 µg/ml yeast
tRNA) for 5 h at 45°C. Embryos were then hybridized overnight at 45°C in fresh
prehybridization solution containing 0.1µg/ml digoxigenin-labeled-RNA probe. Probe
was prepared according in vitro trascription kit (Boehringer-Mannheim, Indianapo-
lis, IN) using SP6 RNA-polymerase and Pax-6 plasmid DNA linearized with Sac II
for antisense RNA, T7 RNA polymerase and Eco RI linearized DNA for sense RNA.

Following hybridization the embryos were treated with RNase A (20 µg/ml) for
30 min. After several washes the signal was detected by the Dig-RNA Detection Kit
(Boehringer-Mannheim).

RESULTS

Treated embryos were first examined when controls reached stage 32. The only
effects of VPA exposure were the presence of edema in 50% of treated embryos and
a developmental delay in 100% of treated embryos; the lethality of control and treated
embryos was similar, respectively 1% and 1.5%. The edema occurred at different
sites, principally in the head and in the heart region. “In vivo” observation of the
larvae was done daily until 6 days after fertilization, when controls reached stage 47.
At this stage the edema and the developmental delay were more severe and almost
all treated embryos showed anomalies in pigment distribution (Fig. 1B,C), indepen-
dently from dose and stage of treatment. Frequently the anterior part of the embryo
resulted shortened (Fig. 1B,C) and somites appeared duplicated or fused (Fig. 1E).
Lethality, incidence of eye malformation and of abnormal somite segmentation showed
a correlation with the stage of treatment.

Lethality

Data of lethality observed after 6 days from fertilization are reported in Figure
2A. They were analyzed using an ANCOVA test. Lethality was significantly differ-
ent in relation with the stage of treatment (F1=24.55; P<0.0001) and with the dose
(F2=23.32; P<0.0001). The percentage of dead embryos for treatments at early blastula
and at late gastrula did not reach 5% for each concentration of VPA applied. The
lethality increased significantly when treatments started during neurulation stages
(13, 15, 17; N. & F.). When treatments started at later stages, lethality decreased
gradually. Stage 15 resulted the more sensitive for each dose of VPA.

Incidence of Somite and Eye Malformations

The lowest dose that we tested that caused malformations in Xenopus embryos
was 0.25 mM.. The different concentrations caused the same type of malformations,
but the severity of effects was dose dependent. We did not take into consideration the
gravity of the effects when collecting the data but only the presence or absence of
abnormalities. Since the effects of 0.25 mM VPA were hardly detectable, we decided
to score only the embryos treated with the highest doses of VPA (5 mM and 10 mM).

We considered tail curling and back bending as symptoms of abnormalities in somite
segmentation. Data were analyzed using an ANCOVA test. The incidence of somite mal-
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formations was significantly different in relation with the stage of treatment (F1=15.01;
P<0.0001) and with the dose (F2=22.73; P=0.0002). Treatments started at blastula and
gastrula stages (stage 7 and 10, N. & F.) caused somite abnormalities in a low percentage
of embryos both with 5 mM and 10 mM VPA. But the incidence of somite malformations
increased sharply in embryos treated at neurula stages (13, 15, and 17 N. & F.), reaching
100% in treatment with 10 mM VPA at stage 15 (N. & F.). The percentage of somite
abnormalities decreased in embryos treated at post-neurula stages (20, 27, and 34, N. &
F.) and the incidence was higher in embryos treated with 10 mM VPA (Fig. 2B).

Eyes were considered abnormal if they were different from controls in shape or
in pigment distribution (data were analyzed using an ANCOVA test). The incidence
of eye malformations was significantly different in relation with the stage of treat-
ment (F1=6.28; P=0.015) and with the dose (F2=33.92; P<0.0001). Exposure to VPA
at stages 7 and 10 caused eye malformations in about 40% of survived embryos
treated with both doses. When treatments started at neurula stages (13, 15, and 17,
N. & F.) both the VPA doses caused eyes malformations in 100% of embryos. The
incidence of eye abnormalities decreased gradually in embryos treated after neural
tube closing (stages 20, 27, and 34, N. & F.): from 15% to 9% for 5 mM VPA and
from 33% to 13% for 10 mM VPA (Fig. 2C).

Histological Analysis

In order to analyze the alterations of the tissues in the organs affected by
malformations caused by VPA, we performed a histological analysis of the em-

Fig. 1. External view of control and VPA-treated tadpoles. A:  Control Xenopus laevis embryos at
stage 47 (N. & F.). B,C: Embryos treated with 10 mM VPA at stage 15. B: Embryo displaying a severe
phenotype. Note the short and curled tail, the diffused edema, and small eyes. C: Embryo with a less
severe phenotype. D: Detail of control embryo somites of the trunk region after skin ablation. E:
Detail of malformed somites of a 10 mM VPA treated embryo. Scale bar = 500 µm.
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Fig. 2. Lethality, eye, and somite malformations in embryos related to VPA doses and developmental
stages of treatment. Standard error is indicated.
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bryos treated at stage 15 with 5 mM and 10 mM VPA and allowed to develop
until stage 47. All treated embryos were smaller in size than control embryos and
some of them showed edema below the epidermis that displaced connective tis-
sue (Fig. 3C,4C). In treated embryos pronefric tubules had an enlarged lumen
and were less convoluted than in controls; indeed in transverse sections of con-
trol embryos the number of sections of tubules was higher (Fig. 3A,C).
Chromatophora in treated embryos were less numerous and bigger than in con-
trols. Moreover they showed an abnormal roundish shape and were abnormally
distributed; whereas in the control they formed continuum layers (Fig. 3A,B),
they were absent or scarcely present in the peritoneum and in the dorsal surface
of the CNS (Fig. 3C,D). Several treated embryos showed such a reduced adhe-
sion among the cells of the somites that it was impossible to distinguish a sharp
boundary between sclerotome and myotome. In the more affected embryos,
somites appeared to be disorganized; they were formed by few cells with en-
larged intracellular space between them (Fig. 3D).

Most of the embryos observed presented microphthalmia. Eye malformations

Fig. 3. Transverse sections at trunk level of Xenopus embryos at stage 47 (N. & F.). A,B:  Control
embryo. C,D: 10 mM VPA treated embryo. ch, chromatophora; ed, edema; li, liver; nc, notochord; nt,
neural tube; pt, pronephric tubules; so, somite. Scale bar = 100 µm.
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were always restricted to the optical cup and were due to an abnormal display of
neural retina and pigmented epithelium. Lens and optical nerve were always present,
even if they often were smaller than in controls, perhaps as a consequence of the
general reduction of the size of eyes. Anterior and posterior chambers were reduced
or absent. Mesodermic cells were infiltrated between the lens and the retina layers.
In less severe malformed eyes, the layers of the retina were still recognizable even if
displaced (Fig. 4C,D); instead in the more severe affected eyes the internal organiza-
tion of the retina was completely lost (Fig. 4F). In a high percentage of malformed
eyes most of the tapetum nigrum was dislocated dorsally and the neural retina showed
numerous folds (Fig. 4D,F). In the most drastic case, showed in Fig. 4E, one eye
protruded into the neural tube floor.

Fig 4. Transverse sections at the eye level of Xenopus embryos at stage 47 (N. & F.). A,B: Control em-
bryo. C,D,E,F: 10 mM VPA treated embryos. co, cornea; ed, edema; le, lens; nr, neural retina; nt, neural
tube; oc, optic cup; os, optic stalk; ph, pharynx; pr, pigmented layer of the retina. Scale bar = 100 µm.
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Fig. 5. Northern blot analysis. A:  Analysis of Pax-6 gene expression in VPA-treated embryos and in
control embryos. B: EtBr staining of 18S and 28S rRNA.

Fig. 6. Xenopus embryos after in situ hybridization with Pax-6 . A:  Control embryo showing a nor-
mal pattern of Pax-6 expression. B: 10 mM VPA treated embryos showing a reduced expression of
Pax-6 in eyes (arrow). C: 10 mM VPA treated embryo hybridized with sense probe. Scale bar = 1 mm.
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The cartilage of the head resulted not fully developed. In all treated embryos
CNS and notochord appeared normal in shape; dimension and consistence of the
liver were similar to controls (Fig. 3C). We never observed necrotic tissue in any of
treated embryos.

Northern Blot Analysis

Northern blot analysis performed by total RNA isolated from VPA-treated em-
bryos demonstrated a decrease in the level of Pax-6 expression compared to that in
control embryos (Fig. 5). Densitometric estimation yield an approximately three-fold
decrease in Pax-6 mRNA expression in the VPA-treated embryos.

Whole Mount In Situ Hybridization

Control embryos at stage 32 after in situ hybridization with Dig-RNA labeled
Pax-6 antisense probe showed the signal in the anterior CNS, with a gap in the
mesencephalon (optic tectum) and a more intense signal in the developing optic cup
(Fig. 6A). In some embryos a weak non-specific staining of the pharyngeal pouches
appeared. Embryos treated at stage 15 with 10 mM VPA after in situ hybridization
showed a faint signal in the optic cup and hardly visible staining in the nervous
system (Fig. 6B). Treated embryos hybridized with sense probe showed no specific
signal (Fig. 6C). All the embryos of Figure 5 are of the same age, but treated em-
bryos (B,C) frequently showed developmental delay.

DISCUSSION

In this study, we analyzed the effects of exposure to VPA on the development
of Xenopus embryos. We observed that both timing and dosage of the drug alter
the effects of VPA treatment. The lowest concentration we tested that can induce
malformation was 0.25 mM, but the incidence and the severity of malformations
were very low (data not showed) and hard to score. The dosages used for most of
these experiments were 5 mM and 10 mM, based on previous works on amphib-
ians reported in literature [9]. Our results show that short exposures (4 h) to 5 mM
and 10 mM VPA were sufficient to cause malformations in Xenopus embryos. Pulse
treatments for a short period allowed us to find the “window” of susceptibility to
the drug. The highest incidence of malformed embryos occurred, with both VPA
doses, for treatments started during neurulation, at stages 13, 15, and 17 (N. & F.).
The percentage of malformed embryos increased sharply from treatments started
at stage 10 to treatments started at stage 13 and it decreased gradually from treat-
ments started at stage 20. The same trend was observed for each analyzed malfor-
mation. This suggests that in Xenopus embryos VPA perturbs processes active during
neurulation.

As reported in literature, we observed that VPA caused developmental retar-
dation and, remarkably, we obtained this effect also with very short exposure to
the drug. Pulse treatments for 4 h were not sufficient to cause CNS malformations,
which are the more frequent abnormalities reported in other species after longer
expositions [1,22,23]. Also the hepatotoxic effect described in amphibians [23] was
not detectable after a short treatment, the liver in fact had always regular size and
a normal tissue consistence. A high percentage of treated embryos showed edema
in the head and in the heart region which can be a symptom of osmoregulation
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defects. Treated embryos showed also pronefric tubules enlarged and less convo-
luted then controls, compatible with malfunctioning.

Almost all treated embryos had anomalies in pigmentation, independently from
dose and stage of treatment: chromatophora were fewer than in controls and they
had an abnormal shape and distribution. Krätke and Kirschbaum [23] reported that
VPA can affect migration or differentiation of neural crest cells. Since we observed
anomalies also in other derivatives of these cells, such as the cartilage of the cranial
region, we can attribute the anomalies in pigmentation to a failure in neural crest
migration. Possibly short exposure to VPA may just retard the migration, which hap-
pened after VPA removal from the medium. Some authors attributed the anomalies
of neural crest migration to the interaction of VPA with compounds of the extracel-
lular matrix, such as fibronectin [24]. We considered that the influence of the drug
on extracellular matrix compounds may also cause the reduced cellular adhesion that
we observed in the somites.

Treated embryos showed disorganized somite, formed by few cells with en-
larged intracellular space. These somite anomalies could be responsible for the
deformities of the tail and for back bending, and would possibly result in anoma-
lies of the axial skeleton in older larvae, similar to those described in mammals
exposed to VPA gestationally [7,25]. These malformations may be correlated to
those caused by osteolathyrogenic substances [12], but we are not able to better
clarify this correlation.

Somite irregularities were also due to perturbation of the process of segmenta-
tion, which lead to duplication or fusion. Irregular somite shape and distribution
have been observed also in mice and rats [7]. In chick embryos these defects were
attributed to the influence of VPA on the expression of Pax-1 gene, a member of the
Pax family, which is an important regulator of the axial patterning at the somite level
[8]. In fact VPA treated chicken embryos showed somite anomalies and a correlated
significant decrease in Pax-1 expression, as observed by whole mount in situ hybrid-
ization. Also in chicken the developmental stage at which VPA action is more pro-
nounced corresponds to the stage of embryonic somite development, at which Pax-1
expression reaches its peak, stage 15/16 H.H. [8].

We hypothesize that another member of the Pax family may be involved in
the eye malformations that we frequently observed in Xenopus embryos treated
with VPA. At external examination the eyes appeared small and irregular in shape.
The histological analysis revealed that the anomalies were principally due to an
abnormal display of the layers of the retina: the neural retina appeared convoluted
and presented numerous folds, the pigmented epithelium was often localized in a
dorsal position. These defects resemble those present in Pax-6 mutant mice [13].
Pax-6 is a highly conserved gene, and it is necessary for correct retinal develop-
ment in both vertebrates and invertebrates. It has been proposed that all the mem-
bers of the Pax family of transcriptional factor are putative targets of the
teratogenicity of VPA [8].

We analyzed by in situ hybridization the expression of Pax-6 in Xenopus em-
bryos treated at stage 15 with 10 mM VPA. These embryos showed a lower signal of
hybridization in the eyes compared with controls. This result suggests that VPA had
altered the pattern of expression of this gene and that Pax-6 is a target gene of VPA
action. We consider that decreased levels of Pax-6 expression are responsible of the
retinal malformations we observed in VPA-treated Xenopus embryos.
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CONCLUSIONS

In conclusion we found that short exposure to VPA during neurulation induces
in Xenopus embryos a high incidence of defects in neural crest migration and somite
segmentation, similar to those described in other species for longer expositions. These
anomalies are consistent with an interaction of VPA with the compounds of the ex-
tracellular matrix, as proposed by several authors. We also described a frequent eye
anomaly caused by VPA action, which had never been reported before. We consider
this anomaly as a result of decrease and of the alteration of Pax-6 gene expression
by the drug.
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