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ABSTRACT 

 

The antiepileptic valproic acid (VPA) is a teratogen whose embryopathic mechanism(s) remain 

uncertain. Elucidating potential cellular and molecular effects of VPA is complicated by systemic 

application paradigms. Thus we developed an in ovo model to reproduce the teratogenic effects of VPA 

and a localized VPA application procedure to determine whether VPA can selectively effect abnormal 

development in one region of the embryo.  

VPA was applied topically to chicken embryos in ovo at different embryonic stages. Embryos 

were later evaluated for gross and skeletal anomalies. Pax-2 and Pax-6 protein expression in the 

developing eye was also evaluated because VPA-induced eye anomalies are similar to those seen by the 

disruption of Pax-2 and Pax-6. For localized application, a thin sheet of the synthetic polymer Elvax was 

impregnated with VPA. A small piece of the VPA-impregnated polymer was applied directly to the 

presumptive wing bud region in stage 10-17 embryos. Embryos were examined for gross and skeletal 

anomalies. Sham controls were employed for all experiments.  

Chicken embryos exposed to VPA in ovo demonstrated increased mortality, growth delay and 

anomalies similar to ones previously seen in humans: neural tube, cardiovascular, craniofacial, limb and 

skeletal. Pax-2 and Pax-6 protein expression was qualitatively diminished in the eye. Localized wing bud 

VPA exposure caused structural abnormalities in the developing wing in the absence of other anomalies 

in the embryos. These wing defects were similar to those observed following topical whole-embryo VPA 

application.  

These results indicate that at least one mechanism for the teratogenicity of VPA involves a direct 

effect on developing tissue. The nature of the abnormalities observed implies that this effect may be 

mediated by disruption of genes that regulate pattern formation. 
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Valproic acid (VPA, 2-n-propylpentanoic acid) is an antiepileptic medication whose 

human teratogenic effects have been reported since 1980 (Brown et al., 1980; Dalens et al., 

1980; DiLiberti et al., 1984; Tein and MacGregor, 1985; Ardinger et al., 1988). While there is 

some controversy in the literature, it appears that the parent compound, VPA, and not a 

metabolite, is responsible for the teratogenic effects on fetal, perinatal and possibly early 

childhood development (Kao et al., 1981). Defects in the neural tube, heart, craniofacial features, 

urogenital structures, and limbs of the human fetus exposed to VPA comprise the “fetal valproate 

syndrome” (DiLiberti et al., 1984; Ardinger et al., 1988). More recently, central nervous system 

anomalies including developmental delay, hypoplasia of the cerebellum and autism have been 

attributed to VPA (Squier et al., 1990; Christianson et al., 1994; Williams and Hersh, 1997). The 

frequently quoted prevalence of congenital malformations due to VPA is 4-8%, which is two to 

three times greater than the risk of spontaneous malformations in the general population (Malone 

and D'Alton, 1997). A recent study showed that more than half of all VPA-exposed fetuses 

suffered from a phenotypic anomaly involving at least one of the following organ systems: 

musculoskeletal, skin, cardiovascular, genital, pulmonary, central nervous system (including the 

neural tube, eye and ear) and renal; developmental delay and growth restriction were also noted 

(Kozma, 2001). The frequency of anomalies may be significantly higher in this review than the 

usually quoted anomaly risk due to the inclusion of minor anomalies.  

Both the therapeutic indications and the usage of VPA are increasing. VPA is approved 

for the treatment of seizure disorders, psychiatric diseases and migraine headaches (Guay, 1995; 

Silberstein and Collins, 1999; 2000). VPA has recently become a primary therapeutic treatment 

option for patients with certain subtypes of bipolar and schizoaffective disorders (McElroy et al., 

1992; Guay, 1995; Kennedy and Koren, 1998). Adequate treatment of women who suffer from 

bipolar and schizoaffective disorders preconceptionally and during pregnancy without increasing 

teratogenic risks has long been a challenge. Lithium, the conventional treatment for both acute 

and prophylactic management of bipolar disorder, fails to work in up to 40% of the patients and 

it is not tolerated by 25-50% of the patients due to side effects (Kennedy and Koren, 1998). Even 

when effective and tolerated, lithium too has been associated with increased fetal risks for 

congenital cardiac anomalies.  
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Approximately 1% of the population has a seizure disorder requiring medical therapy. 

Numerous studies have disputed a prior theory that the observed anomalies are due to the 

mother's epilepsy and not the antiepileptic treatment (Schardein, 2000; Holmes et al., 2001). 

Therefore, effective and safe treatment for seizure disorders during pregnancy is important. Even 

after birth, toxic effects are still a concern since  case reports have indicated severe cognitive 

dysfunction in children receiving VPA antiepileptic therapy (Papazian et al., 1995). As the 

pharmaceutical uses for VPA broaden, so does the magnitude of potential human embryonic, 

fetal and childhood exposure to VPA. 

The mechanism(s) of VPA’s teratogenicity and possible strategies for the prevention of 

the subsequent anomalies are unknown. Teratogenic etiology theories include disturbances in 

folate metabolism, altered vitamin A metabolism, bioactivation of VPA to reactive toxic 

intermediates, altered lipid metabolism, the disruption of developmental control genes and 

induction of embryonic bradycardia resulting in hypoxia with reperfusion injury (Clarke and 

Brown, 1987; Brown et al., 1991; Dansky et al., 1992; Wegner and Nau, 1992; Nau et al., 1995; 

Barnes et al., 1996; Azarbayjani and Danielsson, 1998; Faiella et al., 2000). Potential 

mechanisms of VPA’s teratogenicity have been studied in multiple vertebrate models including 

rhesus monkey, rabbits, rodents, chickens and frogs (Kelly and Regan, 1992; Narotsky et al., 

1994; Padmanabhan and Hameed, 1994; Barnes et al., 1996; Pennati et al., 2001). Common to 

these studies is a systemic application of VPA. While human fetuses are also exposed to VPA 

systemically, elucidation of potential mechanisms of VPA teratogenicity requires separation of 

local from systemic effects.  

We hypothesize that (1) an in ovo model can produce a pattern of effects in chicken 

embryos that reflect those produced by VPA in humans and in embryos of other species and (2) 

that VPA applied locally to developing chicken wing buds can selectively alter wing 

development.  

 

Materials and Methods 

 

Fertile white leghorn chicken eggs were obtained from Oliver Merrill and Sons (New 

Hampshire, USA) and were stored at 6° C. The eggs were then transferred and maintained in a 

forced draft incubator at 37.5° C with relative humidity of 55% until the desired stage of 
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development was reached. To access the embryo, a one-centimeter window in the shell above the 

embryonic disk was cut open. The embryo was visualized under a stereoscope and an inert fast 

green dye was injected under the embryo for improved contrast. The embryo was examined and 

staged according to morphological criteria previously outlined by Hamburger and Hamilton 

(Hamburger and Hamilton, 1951). To determine the temporal and concentration dependency of 

valproic acid teratogenicity, several separate experiments were performed. Subsequent 

experiments tested the local effects of VPA using a focal application procedure. 

 

Concentration Dependency: 

Varying concentrations of VPA dissolved in sterile chicken ringer solution (0.137 M NaCl, 0.004 

M KCl, 0.001 M MgCl2, 0.001 M KH2PO4, 0.012 M NaHCO3, 0.002 M CaCl2, and 2 g/l 

glucose) were made. Concentrations of 5, 10, 15 and 20 mg/ml were chosen because at the 

volume used (20µl) these doses (2-8 mg/kg for a 50 g egg) were close to the range of possible 

human exposure. The usual adult dosing for both mania and seizure control is initiated at 10 to 

15 mg/kg/day and increased up to 60 mg/kg/day. In adults and children there is a wide 

therapeutic range of VPA, but usually the stated therapeutic trough level is 50 to 100 µg/ml. 

However, some patients respond only at higher serum levels between 100 µg/ml to 200 µg/ml 

(2000). For migraine prophylaxis, the typical dose is 250 to 500 mg/day. Umbilical cord blood 

samples from term placentas of women using VPA have shown neonatal serum values are 1.7 + 

0.6 times greater than that of the corresponding mother’s serum concentration (Nau et al., 1981). 

Human embryonic (first trimester) serum measurements are unknown.  

 

A constant volume of 20 µl of valproic acid dissolved in chicken ringers was applied onto the 

rostral region of the embryo after removal of the vitelline membrane. Embryonic stages at the 

time of VPA application varied from 14-16, which correspond approximately to developed 

somites numbered 22-28. Doses applied topically were 100 µg, 200 µg, 300 µg and 400 µg; 

however, it is impossible to know the exact dose within the embryo because of possible 

differential partitioning of the VPA into the embryo, yolk sac, and the extraembryonic 

membranes. Therefore, this series represents a qualitative assessment of an effective teratogenic 

dose in the chicken embryo. Control embryos were treated with the same volume of chicken 

ringer without VPA. The shell window was then closed with a glass cover slip, sealed with 
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paraffin to prevent drying, and the embryos were returned to the forced draft incubator. Embryos 

were examined grossly 24-72 hours later. A Fisher’s Exact test was performed comparing the 

number of alive normal and alive abnormal embryos available for evaluation at the different 

doses. 

 

Timing of Sensitivity to VPA 

After noting that the VPA concentration of 15 mg/ml consistently produced anomalies with 

viable embryos, this dose was chosen to determine the timing of sensitivity for developmental 

defects. One hundred forty-two embryos of varying stages from somites numbered 2 to 32 were 

each exposed to a constant valproic acid dose of 20 µl of 15 mg/ml VPA (300 µg) in chicken 

ringer solution. Seventy-nine embryos survived (56%) and were examined grossly. A qualitative 

time line for the development of embryonic anomalies with respect to stage of exposure was 

generated.  

 

 Immunohistochemical procedures 

In some embryos, the effect of systemically applied VPA on development of the eye was further 

explored by immunohistochemical assessment of Pax proteins. Control and VPA-treated stage 

20-25 embryos were immersion fixed in 4% paraformaldehyde at 4o C for 4 hr, rinsed in 0.1M 

phosphate buffer (PO4), and equilibrated overnight in 30% sucrose in PO4. The tissue was then 

embedded in OCT fluid (Sakura) and frozen at –30oC prior to cyrosectioning at 30 µm. Sections 

were collected onto slides and treated with rabbit antibodies to either Pax-2 or Pax-6 protein 

(BAbCO PRB276P at 1:1000 dilution or BAbCO PRB278P at 1:2000 dilution, respectively). 

Bound antibodies were visualized with a Vectastain Elite ABC kit using a biotinylated secondary 

antibody against rabbit immunoglobulin and diaminobenzidine as a chromogen. 

 

Evaluation of a Localized Effect:  Preparation and Application of VPA-impregnated Elvax 

The synthetic polymer, Elvax, was chosen as a vehicle for localized application of VPA. Prior 

studies have used Elvax successfully as an inert delivery system for chemical application onto 

developing tissue (Bix and Clark, 1997). Elvax pellets were dissolved in methylene chloride. 

Valproic acid was dissolved in absolute ethanol and then stirred into the methylene 

chloride/Elvax solution until it became evenly distributed. The blend of Elvax/methylene 
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chloride/VPA was then spread over the bottom of a glass petri dish and allowed to sit while the 

methylene chloride was evaporated off under a stream of nitrogen gas. Left behind was the 

solidified Elvax with the VPA distributed evenly throughout. Thirty milligrams of VPA were 

used per 600 mg of Elvax pellets; the final thickness of the impregnated Elvax sheet was ∼ 100 

µm. This VPA-laden Elvax was then stored at room temperature in a desiccator. Control Elvax 

sheets were prepared in the exact same fashion, except that VPA was not added. Valproic acid-

free Elvax was used in a sham control paradigm to account for abnormalities that may be 

induced by the technical procedure, the Elvax itself, or any residual dichloromethane or ethanol 

that might remain in the Elvax. 

The sheets of Elvax with and without VPA were cut into small blocks approximately 300 

µm long by 75 µm wide (~0.25µg of VPA). Embryos were incubated until stage 10-17 (10-32 

somites) and exposed in ovo as previously described. The Elvax impregnated with VPA was 

placed on the presumptive wing bud region of the lateral mesoderm (i.e., adjacent to somite 

numbers 16-19, or the corresponding presomitic mesoderm) in 41 embryos. Thirteen control 

embryos were similarly incubated, staged and underwent sham treatment using control Elvax. 

The eggshell window was then closed and embryos were incubated for an additional 24-72 

hours, at which time they were examined grossly. The results were analyzed using a Fisher’s 

Exact test. 

 

Alcian green staining 

Skeletal elements of embryos surviving to embryonic days 7-10 day were visualized with alcian 

green. Embryos were killed and fixed overnight in 5% trichloroacetic acid. After dehydration 

through a series of ethanols the embryos were immersed in 0.1% alcian green overnight. The 

non-skeletal elements were then cleared overnight using methyl salicylate. The skeletons were 

examined grossly.  

 

Results 

 

Teratogenicity of VPA in the Chicken Embryo 

In the initial phase of the experiment, 150 embryos between stages 14-16 were treated with 

valproic acid and examined to obtain dose response data (Fig. 1). No phenotypic anomalies were 



 

Effect of Valproic Acid Treatment on 
Stage 14-16 Chicken Embryos
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Figure 1. Effect of VPA treatment on stage 14-16 chicken embryos. 
Twenty µl of VPA dissolved in sterile chicken ringer solution was applied 
to embryos exposed in ovo at stages 14-16. Embryos were examined for 
viability and gross abnormalities 24-72 hours later. n > 10 in each group. 
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observed in embryos treated with 20 µl of vehicle control or 5 mg/ml VPA. Viability along with 

minor defects in the limb bud, cardiac and eye development were consistently noted in embryos 

treated with 20 µl of 10 mg/ml VPA. At 15 mg/ml, viability along with multiple, variable 

embryonic anomalies were seen. Abnormalities in the 15 mg/ml group included neural tube 

defects, abnormal wing buds, mild-to-severe eye defects, microcephaly, and grossly enlarged 

heart tubes. Heart tubes made their initial loop, but no further differentiation occurred even 

though the tubes continued to grow. Developmental delay and abnormal extraembryonic vascular 

development were also observed. After application of 20 µl of 20 mg/ml of VPA, embryos 

exhibited 100% mortality. When comparing the living embryos, statistically more anomalies 

were in identified in the 15 mg/ml dosage group than the 10 mg/ml dosage group (p = 0.004, 

one-sided Fisher’s Exact test). Therefore, 15 mg/ml was the chosen concentration for 

determining the timing of teratogenic susceptibility. 

  

Determining the Timing of Sensitivity 

Application of 20 µl of 15 mg/ml VPA at different developmental stages resulted in different 

anomalies (Fig. 2). The grossly observed anomalies were sorted with respect to the number of 

somites present at the time of VPA application in order to create a timeline of susceptibility of 

embryonic structures to VPA. If 50% or more of the embryos of a particular cohort (same 

embryological stage by somite number at the time of VPA application) were observed to have a 

given anomaly, that stage was included in the anomaly timeline. Some embryos had several 

anomalies and were included more than once on the timeline. The sequentially observed time of 

each region’s susceptibility was in the same order of its embryonic development: neural tube, 

somites, cardiovascular structures, eye, limbs, and axial skeleton. Biological limitations 

prevented evaluation for all developmental regions in some embryos because structures were 

already formed at the time of VPA application or due to death before structures would have 

developed.  

Whole embryo treatment with VPA caused multiple anomalies including growth delay, 

cardiovascular, neural and mesodermal abnormalities (Fig. 3). The extraembryonic blood vessels 

of the area vasculosa were frequently underdeveloped, hemorrhagic, absent or pale with ghostly 

pale embryos exhibiting bradycardic heart rate abnormalities. Anomalous eye development was 

striking (Fig. 4). The range of eye defects included micropthalmia, pigment anomalies, aniridia, 



* *

DC

400 µm

A
B

400 µm

Figure 3. Gross abnormalities associated with VPA treatment. Application of 20 l of 15 mg/ml VPA in sterile
chicken ringer solution to the chicken embryo in ovo induced overall growth delay, cardiac, somite and neu-
ral tube defects (B) compared with an embryo treated with 20 µl of sterile chicken ringer alone (A). Embryos
were treated when they had 20-22 somites and examined when they had 30 somites. The VPA-treated
embryo‘s heart (arrowhead in B) is enlarged, tubular and failed to differentiate into atrial and ventricular
chambers. Somite and neural tube abnormalities are visible at higher magnification (C and D). Following
VPA treatment (D), individual somites (arrows) are larger and irregularly shaped, often with a bifurcation on
the lateral edge in contrast to somites in the vehicle-treated group (C). The somites formed during and after
VPA treatment lack uniform rectangular alignment and border an abnormally formed neural tube. The loca-
tion of the asterisks denoting the neural tube in C and D indicate the level of the somite formed immediately
after VPA treatment. Scale bars in A and C also apply to B and D, respectively.
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Chicken embryos exposed to VPA in ovo demonstrated anomalies previously seen in other 

embryos including defects in neural tube, cardiovascular, craniofacial, skeletal and limb 

development; as well as growth delay and increased mortality. Neural tube anomalies and 

aberrant somite development were effected in the earliest treated embryos. Numerous studies 

link VPA with neural tube defects in human and other embryos (Padmanabhan and Hameed, 

1994; Malone and D'Alton, 1997; Schardein, 2000). As the neural tube is developing, blocks of 

paraxial mesoderm cells called somites symmetrically form and align beside the neural tube. 

Somites are important for organizing the segmental pattern of vertebrate animals. When chicken 

embryos were exposed to VPA the somites became enlarged, irregular in shape and misaligned. 

These findings are similar to those observed by Barnes et al. and Kelly and Regan in studies of 

early chicken embryos cultured in vitro (Kelly and Regan, 1992; Barnes et al., 1996). Somite 

abnormalities have also been noted in frog, mouse and rat embryos treated with VPA (Kao et al., 

1981; Padmanabhan and Hameed, 1994; Menegola et al., 1998; Pennati et al., 2001).  

Cardiac abnormalities have been reported in cultured chicken embryos exposed to VPA 

(Kelly and Regan, 1992). In the present study, cardiovascular defects and bradycardia were 

prominent if embryos were treated when they had between 5 and 23 somites. Cardiac defects are 

also apparent in mouse and rat embryos exposed to VPA (Vorhees, 1987; Sonoda et al., 1993). In 

a review of the human fetal valproate syndrome phenotype literature, one report by Kozma 

showed that 26% of the children examined had a congenital cardiac defect (Kozma, 2001). 

Abnormalities were noted in eye development following systemic application of VPA to 

chicken embryos in ovo. The range of eye defects included micropthalmia, pigment anomalies, 

aniridia, incomplete closure of the choroid fissure, lens displacement and cataracts. The types of 

eye anomalies we observed in systemically treated chicken embryos resemble those seen 

following mutations of the pattern formation genes Pax-2 and Pax-6 (Tremblay and Gruss, 1994; 

Dahl et al., 1997). Examination of the distribution of the protein products of the Pax-2 and Pax-6 

genes indicated qualitatively less expression in the abnormally developing eyes following VPA 

treatment. Pennati et al. (2001) also noted the similarity of eye defects in the VPA-treated frog 

embryo to eye defects observed in mice with Pax-6 mutations. They examined the expression of 

the mRNA for the Pax-6 gene in VPA-treated frog embryos by northern blot and in situ 

hybridization analysis and noted quantitative reduction in mRNA levels for Pax-6 in the eyes of 
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VPA-treated embryos (Pennati et al., 2001). Eye defects after human embryonic VPA exposure 

have also been reported (Kozma, 2001). 

Abnormalities in axial and limb skeletal structures were common in chicken embryos 

treated in ovo with VPA. These abnormalities were similar to those reported in mice, rat and 

rabbit embryos (Petrere et al., 1986; Vorhees, 1987; Padmanabhan and Hameed, 1994; Menegola 

et al., 1998; Faiella et al., 2000). Sixty-three percent of human patients exposed to VPA in utero, 

examined in a recent review by Kozma, had musculoskeletal abnormalities. Thoracic skeletal 

abnormalities were noted, but were much less commonly reported than limb deformities (Kozma, 

2001). Limb defects noted in the chicken embryos exposed to VPA in ovo were similar to those 

reported for other species. Mice exposed to VPA exhibited abnormal limbs including long bone 

reductions and abnormal or missing digits (Padmanabhan and Hameed, 1994; Faiella et al., 

2000). Congenital limb defects in children exposed to VPA commonly include deformities such 

as talipes, pre- and postaxial polydactyly or syndactyly and reductions in long bone and digit 

development (Sharony et al., 1993; Ylagan and Budorick, 1994; Rodriguez-Pinilla et al., 2000; 

Kozma, 2001).  

 

Effect of local application of VPA and implications for the mechanism(s) of teratogenic action 

of VPA 

Local application of VPA to the presumptive wing area of the lateral mesoderm in chicken 

embryos in ovo reproduced the wing defects observed following systemic application of VPA. 

These defects were observed in the absence of abnormalities in neural tube, cardiovascular, eye 

and axial skeletal development. Thus, in contrast to many theories on its teratogenicity, VPA 

treatment likely has a direct effect on the developing wing field rather than acting secondarily 

through a systemic metabolic effect. 

 One of the most common theories of VPA's effect on development is an alteration of 

embryonic folate metabolism (Wegner and Nau, 1992). This theory is consistent with the 

findings that VPA lowers erythrocyte folate levels in patients with seizure disorders and that 

maternal folate supplementation decreases the risk for fetal neural tube defects (Czeizel and 

Dudas, 1992; Dansky et al., 1992; Lumley et al., 2001). Folate metabolism is important for 

biochemical reactions for amino acid, protein, pyrimidine and purine metabolism and 

methylation. These processes are all important for differentiation and proliferation during 
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embryogenesis. In humans and other species, antifolates such as methyltrexate cause abortion, 

fetal abnormalities (craniofacial, cleft palate, skeletal, neural tube defects) and intrauterine 

growth restriction (Milunsky et al., 1968; Dansky et al., 1992). However, folate supplementation 

for women receiving anticonvulsant medication to prevent congenital anomalies has not 

completely ameliorated the teratogenic effects (Dansky et al., 1992). In addition, the isolated 

limb defects we noted with local application of VPA are not consistent with a systemic folate-

related mechanism; however, this does not eliminate the possibility of a localized disruption in 

folate metabolism in the developing wing field. 

Another systemic hypothesis to explain the teratogenic effects of VPA is based on the 

observation that hypoxia during critical times in embryogenesis can cause anomalies; 

presumably due to cellular death followed by hemorrhage with necrosis. It is known that 

anticonvulsant drugs lead to bradycardia via their actions on ion channels and it is hypothesized 

that cardiovascular and other fetal anomalies may be a result of bradycardia-related decreases in 

blood flow and hypoxia (Azarbayjani and Danielsson, 1998). Abnormal blood flow patterns and 

pressure can lead to cardiac anomalies (Kirby, 1987). Previously documented defects due to 

bradycardia and hypoxia include craniofacial defects, cardiac anomalies, limb abnormalities, 

growth delays and central nervous system malformation (Azarbayjani and Danielsson, 1998). 

Bradycardia was obvious in this study following in ovo exposure of early chicken embryos to 

VPA. However, limb defects following local unilateral VPA application occurred only 

ipsilaterally and in the absence of cardiovascular or other defects. Similarly, axial skeleton, limb 

and eye defects were observed in embryos treated systemically at stages when cardiovascular 

defects no longer occurred. Thus, hypoxia due to an insult to the cardiovascular system is not 

likely to be the cause of the skeletal, limb and eye defects associated with VPA exposure.  

Growth, differentiation and morphogenesis of organs are also affected by Vitamin A 

(retinol) and its oxidative metabolite, all-trans-retinoic acid (Nau et al., 1995; Wolf, 1996). Both 

vitamin A excess and deficiency can cause human embryotoxicity and congenital anomalies 

similar to what has been seen in VPA exposed animals and humans (Wilson et al., 1953; 

Lammer et al., 1985; Maden et al., 1996). First trimester use of retinoic acid (trade name 

Accutane, a treatment for cystic acne) in humans causes spontaneous abortions, craniofacial 

anomalies including cleft lip and palate, abnormal ear development, cardiac anomalies, thymic 

deficiencies and mental retardation (Stern et al., 1984; Rosa et al., 1986; Gilbert, 2000). 
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Significant alteration in retinoid metabolism was noted in infants, children and adults treated 

with either VPA monotherapy or with VPA in combination therapy (Fex et al., 1995; Nau et al., 

1995). While the retinoid hypothesis of VPA teratogenicity is a systemic one, retinoic acid is 

known to have very specific effects on pattern formation genes in a variety morphogenetic fields 

including cardiac, craniofacial and limb fields (Eichele, 1989; Kessel and Gruss, 1991; Conlon, 

1995; Anchan et al., 1997; Makori et al., 1999). Synthesis of retinoic acid from Vitamin A is 

under very tight spatiotemporal control in the embryo (Berggren et al., 1999).  In the developing 

wing, retinoic acid has both an early effect on axis specification and a later effect on tissue 

differentiation (Berggren et al., 2001). Both retinoic acid and VPA directly affect chondrogenic 

cells in culture, thus providing a common intersection for the two compounds to disrupt limb 

development (Aulthouse and Hitt, 1994; De Luca et al., 2000). 

Another common pathway for VPA and retinoic acid to disrupt development at the local 

tissue level is through the disruption of genes that regulate pattern formation in the embryo. 

Barnes et al. (1996) showed that VPA decreases expression of the patterning gene Pax-1 in 

developing somites of the chicken embryo cultured in vitro. These investigators also showed that 

somite abnormalities resulting from VPA treatment in the cultured chicken embryo were similar 

to those resulting from antisense oligonucleotide inhibition of Pax-1 expression in the same 

system. The Pax-1 mutation in mouse causes axial skeletal defects similar to those seen in VPA-

treated embryos (Koseki et al., 1993; Dietrich and Gruss, 1995). Barnes et al. predicted that the 

somite abnormalities induced by VPA in the chicken embryo would result in similar skeletal 

defects (Barnes et al., 1996). The culture system they used did not allow development to progress 

long enough to determine the status of skeletal development. In the present study using an in ovo 

model, we have shown that prediction to be true. In preliminary studies we noted that many of 

the defects apparent in VPA-treated chicken embryos were in systems where the Pax gene family 

is involved in the regulation of pattern (Tremblay and Gruss, 1994; Favor et al., 1996; Dahl et 

al., 1997). We have shown that both Pax-2 and Pax-6 protein expression are diminished 

following VPA treatment in the chicken embryo. The expression of another family of pattern-

formation genes, the Hox genes, has also been shown to be altered by VPA treatment (Faiella et 

al., 2000). Because patterning genes play a role in the development of many structures in the 

embryo, it is likely that the varied components of VPA teratogenicity may be related to its effect 

on these genes. 
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