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ABSTRACT The repeated pattern of the 
axial skeleton results from the segmentation and 
re-segmentation of the mesodermally derived 
somites. During these early events of somite devel- 
opment, the vertebrate embryonic axial skeleton is 
most susceptible to the teratogenic effects of a va- 
riety of pharmaceutical and environmental agents. 
One example is the anticonvulsant drug valproic 
acid (VPA), which has been shown to cause cra- 
niofacial and minor and major skeletal defects in 
human and animal embryos. We hypothesize that 
a candidate set of molecular targets of teratogens 
are the Pax family of pattern-forming genes, spe- 
cifically Pax- I ,  which has been previously demon- 
strated to be an important regulator of axial skel- 
etal patterning at the somite level. In this study, 
early developmental stage chick embryos were 
treated with VPA and dose-dependent malforma- 
tions in somite development were observed. Two 
classes of anomalies were evident: class I included 
discrete sites of somitic fusions or mis-segmenta- 
tion, and Class II included large areas of disorga- 
nized somite patterning. Northern blot analysis re- 
vealed a decreased level of Pax-1 expression in 
VPA-treated embryos. Whole mount in situ hybrid- 
ization analysis showed that somite anomalies cor- 
relate spatially with regions of decreased Pax- 1 ex- 
pression. Finally, comparison of the VPA-induced 
somitic anomalies with those caused by gene-spe- 
cific perturbation of Pax- 7 gene expression through 
the use of an antisense oligonucleotide revealed 
significant similarities. Taken together, these results 
support the hypothesis that Pax-1 is a molecular 
target in VPA axial skeletal teratogenicity. 
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The formation and patterning of the axial vertebral 
skeleton represent a target of a number of teratogenic 
agents during embryonic development. The repeated 
pattern of the axial skeleton results from the segmen- 
tation and re-segmentation of the mesodermally de- 
rived somites (Bellairs, '79; '86; Keynes and Stern, '84, 
'88; Stern et al., '88; Tam and Trainor, '94). Thus, de- 
fects of the vertebral column, such as vertebral fusion, 

bifurcation, and the formation of hemivertebrae, most 
likely result from perturbations of the process of somite 
segmentation and/or re-segmentation. Somite segmen- 
tation has been shown to be dependent on specific cell- 
cell and cell-matrix interactions during embryogenesis 
(Bellairs, '79; Cheney and Lash, '84; Duband et al., '87; 
Lash et al., '84, '85); furthermore, these interactions 
are thought to be regulated, at least in part, by the 
expression of pattern-forming genes. Therefore, we hy- 
pothesize that a candidate set of molecular targets of 
teratogens that affect axial skeletal patterning are the 
pattern-forming genes involved in somite formation 
and maturation. 

The Pax-1 gene has been demonstrated to be an im- 
portant regulator of axial skeletal patterning and is 
specifically implicated in the formation and matura- 
tion of the distinct somitic sclerotome (Balling et al., 
'88; Dietrich and Gruss, '95; Wallin et al., ,941, which 
subsequently gives rise to the axial skeleton, including 
the vertebrae, intervertebral discs, ribs, and neural 
arches. The naturally occurring Pax-1 mutation in the 
mouse, undulated (un), illustrates the effects of de- 
creased Pax-1 expression in the developing embryo. 
The undulated mutation leads to loss of intervertebral 
discs, absent or reduced ribs, "wavy" ribs, fusion be- 
tween ribs, fusion of vertebral bodies, and a character- 
istic kinky tail (Dietrich and Gruss, '95; Koseki et al., 
'93). We recently reported the cloning and expression 
profile of Pax-1 in the somitic stage chick embryo and 
showed Pax-1 to be expressed in newly formed epithe- 
lial somites, as well as in the sclerotomal cells of the 
maturing embryonic somite (Barnes et al., '96). We also 
recently shown that gene-specific inhibition of Pax-1 
expression in chick embryos using antisense oligonu- 
cleotides generates discrete loss of borders between 
somites as well as somite fusions and bifurcations 
(Smith and Tuan, '96; also the present study). These 
are the types of anomalies that could be envisioned as 
leading to the subsequent formation of hemivertebrae, 
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and fused or supernumerary vertebrae or ribs in the 
mature embryonic axial skeleton. Pax-1 is therefore an 
attractive candidate gene as a molecular target of ter- 
atogens that generate similar anomalies in the axial 
skeleton. 

The anticonvulsant drug, valproic acid (VPA), is a 
known teratogen in humans. VPA was released for hu- 
man use in 1967 in Europe and became available in the 
United States in 1978. Dickinson et al. ('79) showed 
that VPA crossed the placenta and that umbilical cord 
and newborn serum concentrations exceed the concen- 
tration in the maternal serum (50-150 pg/ml). Fur- 
thermore, Nau et al. ('84) provided additional evidence 
that human fetuses a t  delivery are exposed to higher 
total VPA concentrations than their mothers. The pre- 
natal activities of VPA require further study, as ap- 
proximately 1 of every 200 pregnant women is epilep- 
tic, and therefore a candidate for VPA treatment 
(Dalessio, '85). Anticonvulsants in general, including 
VPA, have been shown to cause a number of defects in 
the human embryo, including craniofacial and major 
and minor skeletal defects (Dansky and Finnell, '91; 
Lammer et al., '87). VPA has received a great deal of 
study using animal models, including chicken embryos 
(Finnell and Dansky, '91; Lammer et al., '87). Interest- 
ingly, in rats, maternal VPA treatment results in em- 
bryos with characteristically kinky tails, reminiscent 
of the effects of the undulated mutation in mice, and a 
variety of axial skeletal anomalies, including "wavy" 
and fused ribs and missing or split centra (Vorhees, 
'87). Furthermore, the frequency of the skeletal mal- 
formations followed a dose-effect pattern. The molecu- 
lar pathway of the VPA teratogenic effects, as is the 
case for a large number of pharmaceutically and envi- 
ronmentally derived teratogens, remains unknown. 

To test our hypothesis that pattern-forming genes 
are involved in axial skeletal teratogenesis, we have 
examined the correlation between teratogen-induced 
somite anomalies and the expression of the Pax-1 gene. 
Using VPA, we have developed a protocol for reproduc- 
ibly generating discrete somite anomalies in the em- 
bryonic chick embryo. We subsequently examined 
treated embryos for mis-expression of Pax-1 in corre- 
lation with these somitic anomalies by whole-mount in 
situ hybridization. Additionally, we have made com- 
parisons between these teratogen-induced somite 
anomalies and those generated by treatment with Pax- 
1 -specific antisense oligonucleotides. These results are 
consistent with our hypothesis and support the notion 
that Pax-1 function is, in part, the site of action of 
teratogenicity . 

MATERIALS AND METHODS 
Valproic acid treatment 

Fertilized eggs were first incubated at 38°C for 48 to 
54 hr and then transferred into shell-less cultures as 
described previously (Tuan, '80; Tuan et al., '91). A 

small silicone ring (Millipore, Swinnex-100) was placed 
around the embryo to hold the VPA solution. A 10-p1 
vol of VPA (50 mg/ml) in sterile Ringer's solution was 
placed on each embryo. Control embryos were treated 
in a similar manner with Ringer's solution alone. Cul- 
tured embryos were placed in a humidified incubator a t  
38°C for an additional 18-24 hr and then harvested 
and fixed in 4% paraformaldehyde in phosphate-buff- 
ered saline (PBS), a t  pH 7.4. Embryos were subse- 
quently scored on the basis of gross morphological ex- 
amination (Smith and Tuan, '96) and analyzed for 
Pax-1 expression by whole-mount in situ hybridization 
and Northern blot analysis as described recently 
(Barnes et al., '96; also see below). 

Northern analysis of Paz-1 expression 
Total RNA was isolated from 10-12 chicken embryos 

treated at  48 hr of incubation with 500 pg VPA or 
vehicle treated with Ringer's solution alone (see 
above). Total RNA was extracted using guanidine thio- 
cyanate (Chomcyzynski and Sacchi, '87) and subse- 
quently analyzed by Northern blot analysis. For 
Northern analysis, 10 pg of total RNA for each sample 
was glyoxalated, fractionated by agarose gel electro- 
phoresis, and blotted; prehybridization was done in 
0.5 M sodium phosphate, 5% sodium dodecyl sulfate 
(SDS), and 100 pg/ml herring sperm DNA at 65"C, and 
hybridization was at  65°C using the random prime 
32P-labeled Pax-1 cDNA. Blots were re-probed with 
32P-labeled glyceraldehyde-3-phosphate dehydroge- 
nase (G3PDH) cDNA, a housekeeping gene, for nor- 
malization of RNA loads. The relative levels of G3PDH 
correlated with the relative intensities of EtBr-stained 
ribosomal RNA bands. The intensity of the hybridiza- 
tion signals was determined based on densitometric 
scanning of the autoradiogram using a Hoeffer GS300 
scanning densitometer (Hoeffer Scientific Instruments, 
San Francisco, CAI. 

Whole-mount in situ hybridization 
Whole-mount in situ hybridization was performed as 

previously described (Barnes et al., '96). Chicken em- 
bryos were incubated for the desired time, treated as 
described with either VPA or Ringer's solution, har- 
vested and fixed in fresh 4% paraformaldehyde in PBS, 
dehydrated with methanol, and dissected free of the 
extraembryonic membrane, rehydrated, and bleached 
in 6% hydrogen peroxide. After two washes in PBS 
containing 0.3% Triton X-100, the embryos were 
treated with proteinase K (10 pg/ml) for 7 min, then 
rinsed and refixed in 4% paraformaldehyde and 0.2% 
glutaraldehyde. After rinsing, embryos were placed in 
prehybridization solution containing 50% formamide, 
5 X SSC, pH 4.5,1% SDS, 50 pg/ml yeast tRNA, and 50 
pg/ml heparin for 1 hr at 68°C. Embryos were then 
hybridized overnight at 68°C in fresh prehybridization 
solution containing 1 pg/ml digoxigenin-labeled RNA 
probe (see below) prepared using the Genius Kit (Boeh- 
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ringer-Mannheim Biochemicals, Indianapolis, IN). Fol- 
lowing hybridization, embryos were rinsed twice for 30 
min in 50% formamide, 5x  SSC and 1% SDS, once 
briefly in 1:l mixture of the previous solution and 
Tris-EDTA (TE) and again in TE with 0.5 M NaC1, 
then treated with RNase A (50 pg/ml) for 30 min, 
washed in 50% formamide, 2 x SSC at 63°C for 1 hr and 
finally washed extensively in Tris-buffered saline con- 
taining 0.3% Tween-20 (TBST). For detection, the em- 
bryos were incubated with an alkaline phosphatase- 
conjugated antidigoxigenin antibody overnight, rinsed 
in TBST, followed by a 30411 levamisol treatment (2 
mM) and subsequent reaction with 4-nitroblue tetra- 
zolium (NBT) and 5-bromo-4-chloro-3-indolylphos- 
phate (BCIP). Stained whole embryos were mounted on 
slides in 80% glycerol and viewed by Nomarski differ- 
ential interference contrast optics. Selected embryos 
were subsequently pre-embedded in 0.5% agarose, de- 
hydrated through an alcohol series, embedded in par- 
affin, sectioned at 10-pm thickness, and viewed using 
Nomarski differential interference contrast optics. 
Whole-mount in situ hybridization observations from 
five separate experiments were evaluated for consis- 
tency. Digoxigenin-labeled probes were synthesized 
from the full-length Pax-1 cDNA, HL6 (Barnes et al., 
'96). All probes used were of the antisense orientation, 
and sense orientation probes were used as negative 
controls. 

Antisense oligonucleotide treatment 
Fertilized eggs were first incubated at 38°C for 48 hr, 

harvested, rinsed twice in sterile Ringer's solution and 
placed onto 35-mm albumidagar plates (Rugh, '62; 
Spratt, '47). Embryos were treated topically with 5 pg 
of phosphorothioate-modified oligonucleotide (Oligos, 
Wilsonville, OR) in a 10-p1 drop of sterile Ringer's so- 
lution. The cultured embryos were placed in a humid- 
ified incubator a t  38°C for an additional 18-24 hr and 
then removed from the plates, rinsed in sterile Ringer's 
solution, and fixed in 4% paraformaldehyde. Embryos 
were subsequently scored based on gross morphological 
examination and analyzed for Pax-1 expression by 
whole-mount in situ hybridization (see below). Oligo- 
nucleotides used (sequences listed as 5' to 3') included 

Antisense: GGGTACGGGTACTGGTAAAG 
Sense: CTTTACCAGTACCCGTACCC 
Random nonsense sequence: TGGATCCGACATGT- 

CAGA 

RESULTS 
Dose and age profiles of VPA effects on embryos 

Developing somitic stage chick embryos treated with 
VPA displayed a number of somite anomalies. These 
anomalies were grouped into two classes as previously 
described by Smith and Tuan ('96). Class I anomalies 
referred to the discrete fusion of an adjacent pair of 
somites (see Figs. 3C, 4B) or, alternatively, a mis-seg- 

mentation apparent as a bifurcation of a single somite 
(see Fig. 3B). Class I1 anomalies described effects over 
a broader area and included regions devoid of new 
somite formation or containing disorganized or "scram- 
bled" somites (see Fig. 4C). Chick embryos maintained 
as shell-less cultures normally developed one new pair 
of somites approximately every 2 hr. In this study, all 
embryos were treated and allowed to incubate for an 
additional 18-24 hr before harvest, thus allowing for 
the formation of 8-10 new pairs of somites post-VPA 
treatment. All detectable somite anomalies observed 
here appeared within the region corresponding to the 
8-10 pairs of newly formed caudal somites. The per- 
cent of embryos displaying VPA-induced somite anom- 
alies varied according to VPA dosage (Fig. 1) and the 
age of the embryo at  the time of treatment (Table 1). At 
VPA dosages from 250-750 pg/embryo the relative 
percentage of mortality correlated with the percent of 
anomalies generated (Fig. 1). Embryos treated with 
250 pg of VPA displayed the highest survival rate 
(77%) but the lowest percentage of embryos with anom- 
alies (<lo%), while the highest dosage tested, 750 pg/ 
embryo, was highly toxic (14% survival). For this rea- 
son, the dosage of 500 p,g/embryo was chosen for most 
experiments, because of the relatively good survival 
rate of treated embryos (56%), combined with a rela- 
tively high degree of embryos with somite anomalies 
(61%). 

A comparison of the effects of VPA treatment on em- 
bryos at different stages of development showed a de- 
velopmental-dependent effect on VPA treatment (Ta- 
ble 1). Embryos between Hamburger and Hamilton 
(H.H.) stages 12-20 (Hamburger and Hamilton, '51) 
were tested. The percentage of treated embryos dis- 
playing subsequent anomalies at H.H. st. 12-13 was 
61%, increasing to 74% for embryos treated at  H.H. st. 
15-16. Embryos treated after this age displayed fewer 
anomalies, and the percentages dropped to 13% by 
H.H. st. 18-20. Interestingly, embryos treated at  H.H. 
st. 12-13, compared to embryos treated at H.H. st. 15- 
16, showed a shift in the percentage of class I versus 
class I1 anomalies. Embryos treated at 48 hr (H.H. st. 
12-13) displayed a higher percentage (74% vs 59%) of 
class I anomalies compared to embryos treated 6 hr 
later (H.H. st. 15-16), while the relatively older em- 
bryos showed a relatively higher percentage of class I1 
anomalies (41% for st. 15-16 vs 26% for st. 12-13). 

Analysis of Pax-1 expression in 
VPA-treated embryos 

Comparison of the relative levels of P a - 1  expression 
by Northern blot analysis of total RNA isolated from 
VPA-treated embryos displaying clear somite anoma- 
lies to vehicle-treated embryos demonstrated a twofold 
decrease in the level of Pax-1 expression relative to the 
respective level of the housekeeping gene G3PDH in 
the treated embryo (Fig. 2). The levels of G3PDH were 
used to standardize the amounts of RNA loaded for 
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Fig. 1. Survival rate and frequency of somite teratogenesis in 
VPA-treated embryos as a function of VPA dosage. Chick embryos 
were treated with the indicated amount of VPA at 48 hr of incubation 
and examined 18-24 hr subsequent to treatment (see Materials and 
Methods). The number of embryos treated was 250 pg, 33; 500 pg, 62; 
and 750 +g, 12. 

TABLE 1. VPA-induced somite teratogenesis 
as a function of embryonic age' 

Fig. 2. Analysis of Pax-1 gene expression in VPA-treated embryos. 
Total RNA was extracted from VPA-treated (500 pg/embryo applied 
at 48 hr) and mock-treated control embryos, and analyzed by North- 
ern blot, with G3PDH as an internal control for RNA load (see Ma- 
terials and Methods for details). -, control embryos; +, VPA-treated 
embryos. In the VPA-treated embryos, the relative level of Par-1 
mRNA (2-kb band) to the GSPDH mRNA (1.4-kb band) was signifi- 
cantly lowered compared to that in control embryos. Densitometric 
estimation yielded an approximately twofold decrease in Pax-1 
&A expression in the VPA-treated embryos. 

Relative % 
of anomalies % of embryos 

Age a t  treatment with anomalies Class I' Class 113 
48 hrs 61 (n = 62) 74 26 

54 hr 74 (n = 54) 59 41 

72 hr 13 (n= 17) N.D. N.D. 

'VPA was administered at a dose of 500 pglembryo. 
2Class I anomalies: discrete sites of somitic fusions or mis- 
segmentation. 
3Class II anomalies: large areas of disorganized somite pat- 
terning. 
N.D., not determined; st., stage. 

(H.H. st. 12-13) 

(H.H. St. 15-16) 

(H.H. st. 18-20) 

each sample (The difference in RNA loading as seen by 
G3PDH mRNA agreed with the general staining of 
RNA, mostly ribosomal RNAs, with ethidium bro- 
mide.) To examine whether decreases in Pax-1 expres- 
sion correlated with the areas displaying somite anom- 
alies, whole-mount in situ hybridization was used to 
map Pax-1 expression. VPA-treated embryos display- 
ing somite anomalies were stained by whole-mount in 
situ hybridization using digoxigenin-labeled RNA 
probes generated from the HL6 chicken Pax-1 cDNA 
(Barnes et al., '96). Decreased Pax-1 expression was 
detectable by whole-mount in situ hybridization in ar- 
eas correlating with somite anomalies (Figs. 3, 4). 

Fig. 3. VPA-induced somite anomalies and altered Par-1 gene 
expression in chick embryos. VPA treatment was administered at 
48 hr a t  a dose of 500 pg/embryo (see Materials and Methods). Em- 
bryos were harvested 24 hr post-treatment and processed for whole- 
mount in situ hybridization to detect Par-1 gene expression and for 
observation of somite morphology. A: Control embryos, showing nor- 
mal patterns of somite development, as well as Par-1 gene expression; 
i.e., expression increases as a function of somite development and 
maturation, and in more rostra1 somites appears to be associated with 
the mediocaudal aspect (also see Fig. 4A). corresponding to the con- 
densing caudal selerotome (Barnes et al., 1996; Smith and Tuan, 
1996). B VPA-induced class I anomalies. Note the discrete somite 
bifurcation (arrowheads) accompanied by decreased levels of Par-1 
expression. C VPA-induced class I1 anomalies. Note the area of dis- 
organized somites that begins in an area several somites away from 
the segmental plate (open arrowhad) and extends caudally. Both 
treated embryos (B, C) also display nonclosure of the neural tube. 
Note that a more cranial somite (solid arrow) formed prior to VPA 
treatment retains a relatively normal morphology and level of Pax-1 
expression, in contrast to more caudal somites formed post-VPA treat- 
ment. All embryos are oriented with caudal end toward the bottom. 
sp, segmental plate; nt, neural tube. 

Fig. 4. VPA-induced somite anomalies and altered Pax-1 gene ex- 
pression in chick embryos observed at higher magnification. A: con- 
trol embryo; B, C VPA-treated embryos. Note the relatively low level 
of Pax-1 expression in the caudal somitea of VPA-treated embryos 
(e.g., B, arrowhead) as compared to a similar somite in a control 
embryo of the same age (A, open arrow). B Solid arrow, fused somite 
exhibiting decreased Pax-1 expression. Note the nonclosure of the 
neural tube. C: Anomalous phenotype consisting of a region of exten- 
sive somite disorganization described as scrambled (bracket). sp, seg- 
mental plate; nt, neural tube. 



Figs. 3 and 4. 



98 G.L. BARNES ET AL. 

Specifically, embryos with distinct somite swelling 
and class I or class I1 somite anomalies displayed de- 
creased Pax-1 expression in caudal somites which 
formed subsequent to VPA treatment (Fig. 3B,C). 
These areas usually included the caudal 8-10 pairs of 
somites, with the most caudal 2-3 pairs of somites dis- 
playing no detectable Pax-1, as compared to those of 
normal control embryos (Fig. 3A). VPA-treated em- 
bryos did express low levels of Pax-1 expression in the 
more cranial somites of this region, with normal levels 
of Pax-1 expression apparent in rostral somites formed 
prior to treatment of the embryos with VPA (cf. Fig. 3A 
with Fig. 3B,C). In addition to relatively normal levels 
of Pax-1 expression, these more rostral somites exhib- 
ited a normal morphology, i.e., without the swelling 
usually associated with those somites affected by the 
VPA treatment (e.g., Fig. 3C). Examination at  higher 
magnification of whole-mount in situ-hybridized VPA- 
treated embryos showed that class I somite anomalies, 
such as somite fusion, clearly correlated with areas of 
decreased Pax-1 expression as compared to normal em- 
bryos (Fig. 4A versus 4B). Embryos with Class I1 anom- 
alies, such as the scrambled phenotype, also displayed 
decreased Pax-1 expression in areas corresponding to 
these anomalies (Fig. 4 0 .  Furthermore, examination 
of sectioned, post-in situ hybridized embryos verifies 
the low level of Pax-1 expression in areas of somitic 
swelling and scrambling (Fig. 5).  Many of the treated 
embryos also displayed open neural tubes (Figs. 3B,C, 
4B), which is consistent with the results from other 
animal studies (Finnell and Dansky, ’91). Histologi- 
cally, somite swelling appeared to be the result of 
delamination between the dermomyotome and the un- 
derlying putative sclerotome (cf. Fig. 5A with Fig. 
5B,C). This delamination was visible as a large open 
space that was presumably fluid filled. Furthermore, 
the sectioned embryos clearly showed the loss of proper 
somite patterning (Fig. 5D). Thus, parasagittal sec- 
tions of the caudal portion of a “scrambled” phenotype 
VPA-treated embryo clearly exhibited a large varia- 
tion in somite size, presumably from perturbed somite 
formation and/or maturation. 

Analysis of Puz-1 antisense 
oligonucleotide-treated embryos 

In view of some of the phenotypic similarity between 
embryos treated with VPA and those treated with a 
Pax-1 antisense oligonucleotide (Smith and Tuan, ’961, 
we undertook a further examination of the possible 
linkage between these two effects. Specifically, we de- 
signed an antisense oligonucleotide which is specific 
for the chicken Pax-1 gene, i.e., from a region outside of 
the highly conserved paired-box domain, to minimize 
cross-hybridization to related Pax genes. Embryos 
treated with a Pax-1 antisense oligonucleotide dis- 
played a number of somite anomalies. Furthermore, 
these anomalies were the result of specific perturbation 
of Pax-1 expression, as neither sense orientation nor 

the randomized base composition matched control oli- 
gonucleotides generated similar anomalies (Table 2). 
Somite anomalies observed included class I type dis- 
crete somite fusions and bifurcations and class 11 type 
anomalies, including loss of proper somite patterning 
or loss of new somite formation (Table 2; Fig. 6). Local- 
ization of Pax-1 expression by whole-mount in situ hy- 
bridization demonstrated that decreased Pax-1 expres- 
sion correlated with the appearance of somite 
anomalies (Fig. 6). Interestingly, it appeared that 
somites expressing the lowest level of Pax-1 expression 
at the time of treatment were the most affected by the 
antisense oligonucleotide treatment. While most 
somitic regions in certain treated embryos re-estab- 
lished relatively normal levels of Pax-1 expression af- 
ter antisense treatment, those regions corresponding to 
the weakly Pax-1 expressing caudal-most somites at 
the time of treatment did not appear capable of re- 
establishing a normal level of Pax-1 expression (Fig. 
6B). Furthermore, these areas displayed a loss of clear 
somitic borders, presumably resulting from this ex- 
tended loss of Pax-1 expression. 

DISCUSSION 
In this study, we have tested our hypothesis that a 

candidate set of molecular targets of teratogens that 
affect axial skeletal patterning are the pattern forming 
genes involved in somite formation and maturation. 
Specifically, we have examined the effect of the anti- 
convulsant drug VPA, which is known to cause axial 
skeletal anomalies in humans, as well as a number of 
animal models, on Pax-1 expression during somite for- 
mation and maturation in the chick embryo. We have 
chosen to focus on the effect of VPA exposure on Pax-1 
expression, in view of the striking similarities between 
the axial skeletal defects seen in VPA-exposed embryos 
(Dansky and Finnell, ’91; Finnell and Dansky, ’91; 
Padmanabhan and Hameed, ’94; Vorhees, ’87) and the 
undulated Pax-1 mutation in the mouse (Dietrich and 
Gruss, ‘95; Koseki et al., ’93). 

The treatment of chick embryos with VPA leads to 
the formation of a number of somite anomalies includ- 
ing discrete somite fusions and mis-segmentations 
(class I anomalies) (Smith and “uan, ’96). These anom- 
alies are consistent with the types of axial skeletal de- 
fects previously reported as being seen later in devel- 
opment in embryos exposed gestationally to VPA, 
including “wavy” or fused ribs and missing or split cen- 
tra (Dansky and Finnell, ’91; Finnell and Dansky, ’91; 
Padmanabhan and Hameed, ’94; Vorhees, ’87). In ad- 
dition, VPA treatment in some embryos leads to 
broader areas of somite anomalies visible as a random- 
ized “scrambled” pattern (class 11 anomalies) (Smith 
and Wan, ’96). For both classes of anomaly, the somite 
region affected corresponded to those somites formed 
during VPA exposure, i.e., the caudal 8-10 pairs of 
newly formed somites. Somites formed before VPA ex- 
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Fig. 6. Histological analysis of WA-induced somite anomalies and 
altered Pux-I gene expression. Post-in situ hybridized chick embryos 
were embedded and sectioned as described under Materials and Meth- 
ods. A Transverse section of a control embryo showing normal Par-I 
expression associated with the somitic sclerotome. B, C. Transverse 
sections of a VPA-treated embryo with somite swelling; C: Serial 
section approximately 100 pm more rostra1 than (B). Note the exten- 
sion of dermomyotomal cells medially and ventrally (B, arrows) and 
the area of somite delamination (C,  asterisk), as compared to control 
embryo (A). D: Parasagittal section of a VPA-treated embryo with 
disorganized (scrambled) somites. C, D: Precipitate represents non- 
specific reaction commonly localized to the fluid-filled areas of somite 
delamination. nt, neural tube; dm, dermomyotome; sc, sclerotome. 

Fig. 6. Somite anomalies induced by Pax-1 antisense oligonucle- 
otide treatment. A: Antisense-treated embryo with no caudal somite 
segmentation; B. Antisense-treated embryo with region of loss of 
somite segmentation (brucket), in which P a - 1  expression was recov- 
ered in caudal somitic cells (open arrowhead). 

posure retained a normal morphology with no detect- 
able somite anomalies. We have observed that both the 

TABLE 2- somite bratogenesis induced by p a - 1  
antisense oligonucleotide treatment' 

timing and dosage of VPA exposure alter the effects of 
VPA treatment. At lower dosages, 250 p,glembryo or 
less, very few somite anomalies occur, <lo%, while at Oligonucleotide with anomalies Class I Class I1 
higher dosages embryonic mortality increases, as does Antisense 60(n = 78) 38 62 
the number of anomalies generated (Fig. 1). The dosage Sense 16(n = 30) N.D. N.D. 
used for most of these experiments was 500 pglembryo, Random 6 ( n  = 18) N.D. N.D. 
based on relative viability of embryos at this dosage 
combined with the frequency of somite anomalies (Fig. 
1). Therapeutic serum VPA levels in humans are ap- 

Relative % of anomalies2 
% of embryos 

iO~igonuc~eotides were -d at w/embryo. 
2Class I and I1 anomalies as described in Table I. 
N.D., not determined. 
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proximately 50-150 pg/ml; however, there is evidence 
that human fetuses actually receive significantly 
higher concentrations than the mother (Dickinson et 
al., '79; Nau et al., '84; Nau and Scott, '87). Thus, the 
dosage used in these experiments may approach the 
levels a human fetus may be exposed to in utero. In 
fact, the actual experimental dose may be reduced 
somewhat because of the topical route of treatment and 
the probable diffusion of the VPA solution into the al- 
bumin surrounding the egg as well as the egg yolk. 

An examination of embryos treated at varying stages 
of development demonstrates a "window" of suscepti- 
bility to the teratogenic affects of VPA exposure. Ob- 
servations of embryos treated with 500 Fglembryo of 
VPA between Hamburger and Hamilton (H.H.) stages 
12/13 to approximately H.H. stage 20 demonstrate that 
the greatest teratogenic effects of VPA treatment oc- 
curred at stages 15/16. Interestingly, stage 15/16 em- 
bryos displayed the highest total percentage of em- 
bryos with observable anomalies, 74%, and also a 
higher percentage of occurring anomalies were of the 
class I1 type, i.e., broader anomalies that encompass an  
area of disorganization, as compared to the more dis- 
cretely localized class I anomalies. 

Several theories on the mechanism of VPA teratoge- 
nesis have been presented in the literature. A number 
of studies have noted that VPA does not affect 
glycolysis, DNA, or protein synthesis, suggesting that 
a global disruption of normal transcription and/or 
translation is probably not involved (Coakley and 
Brown, '86; Turner et al., '90). Currently, the theory 
receiving the most experimental attention is that VPA 
acts via a deficiency in the vitamin folic acid (Coakley 
and Brown, '86; Finnell and Dansky, '91; Lammer et 
al., '87; Wegner and Nau, '86). Folic acid deficiency has 
been linked to increased incidence of neural tube 
defects in humans and thus seems a viable hypothesis; 
however, experimental animal studies have produced 
conflicting results. In the rat embryo, concurrent 
administration of VPA and folinic acid, a folic acid 
derivative, or pretreatment of rat embryos with folinic 
acid did not significantly reduce the teratogenic effect 
of VPA as assessed by the incidence of open neural 
tube (Finnell and Dansky, '91). By contrast, similar 
treatments in the mouse lead to a reduced incidence of 
open neural tube (Wegner and Nau, '86). The 
difference may lie in the fact that rat embryos are 
treated in an in vitro culture system, while the mouse 
embryos are treated in vivo, suggesting the possibility 
that a maternal metabolite of folinic acid, such as the 
formylated tetrahydrofolates, attenuates VPA terato- 
genesis (Finnell and Dansky, '91; Wegner and Nau, 
'86). In this study, a significant percentage of VPA 
treated embryos displayed open neural tubes consis- 
tent with the previous reports (Finnell and Dansky, 
'91; Wegner and Nau, '86). Preliminary studies in 
which VPA and folic acid are administered concur- 
rently demonstrate no significant decrease in the 

incidence of open neural tube or somite anomalies 
(data not shown). 

As stated earlier, we hypothesize that one potential 
candidate molecular site of VPA teratogenicity is the 
Pax-1 gene, which has been demonstrated to be an im- 
portant regulator of axial patterning (Balling et al., 
'88; Dietrich and Gruss, '95; Koseki et al., '93). We ob- 
serve here that VPA treatment of chicken embryos 
leads to a significant decrease in Pax-1 expression, as 
assessed by Northern blot analysis of total RNA iso- 
lated from whole chick embryos. It is interesting to 
note that the stage of development a t  which VPA treat- 
ment elicits the most pronounced teratogenic effects 
corresponds to the stage of embryonic somite develop- 
ment at which Pax-1 expression is a t  its peak, i.e., H.H. 
stage 15/16 (Barnes et al., '96). Moreover, whole-mount 
in situ hybridization reveals that Pax-1 expression is 
specifically decreased in somites formed post-VPA 
treatment. In our shell-less culturing system, one pair 
of new somites forms approximately every 2 hr. This 
corresponds to the formation of 8-10 pairs of new 
somites in the treated embryos allowed to incubate for 
approximately 18 hr post-VPA exposure. In all cases in 
which somite anomalies are seen, they appear in this 
caudal 8-10 pairs of somites and correlate with observ- 
able decreases in Pax-1 expression as visualized by 
whole-mount in situ hybridization. Furthermore, in all 
embryos with observable decreases in Pax-1 expres- 
sion, this decrease was localized in regions formed after 
VPA treatment. These results are thus consistent with 
the notion that a molecular target of VPA is Pax-1 
expression and that decreased or perturbed Pax-1 ex- 
pression then leads to the somite anomalies observed. 
Presumably these somite anomalies would subse- 
quently be manifested as deformities in the axial skel- 
eton of the mature embryo, similar to those previously 
described in embryos exposed to VPA gestationally 
(Dansky and Finnell, '91; Finnell and Dansky, '91; 
Padmanabhan and Hameed; '94, Vorhees, '87). 

To assess further the correlation between decreased 
Pax-1 expression and the appearance of somite anom- 
alies similar in nature to those observed in VPA- 
treated embryos, we have examined the effect of 
treating embryos with a Pax-1 -specific antisense oli- 
gonucleotide. We previously reported that somite 
anomalies occur in embryos treated with antisense oli- 
gonucleotides directed against Pax-1 sequences (Smith 
and Tuan, '96). These anomalies are similar to those 
observed in VPA-treated embryos both in morphology 
as well as in their correlation with areas of decreased 
Pax-1 expression. However, this antisense sequence 
used previously was designed against the highly con- 
served paired-box domain based on the mouse Pax-1 
sequence and could potentially cross-hybridize to 
mRNAs of other structurally related Pax genes. For 
this reason, in this study we have designed a new an- 
tisense oligonucleotide complementary to a gene-spe- 
cific region of the chicken Pax-1 sequence, located be- 



VPA SOMITE TERATOGENESIS AND PAX-I 101 

tween the paired-box and octapeptide domains of the 
chicken Pax-1 cDNA (Barnes et al., '96), to eliminate 
any cross-reactivity with other related Pax genes. 
Treatment of cultured chick embryos with this an- 
tisense oligonucleotide produces somite anomalies sim- 
ilar to those reported in the previous study (Smith and 
R a n ,  ,961, including discrete somite fusions and areas 
of somites with disrupted patterning and/or loss of 
boundaries. Furthermore, these anomalies correlate 
with areas of decreased Pax-1 expression, consistent 
with direct interference with Pax-1 gene expression. 
Interestingly, it is the somites that are expressing 
Pax-1 at very low levels at initial exposure to the an- 
tisense oligonucleotide that display the major portion 
of the resulting anomalies. In addition, while most of 
the somites recover their Pax-1 expression by 24 hr 
postantisense treatment, those somitic regions that 
correspond to the weakly expressing regions at initial 
exposure do not re-establish their Pax-1 expression. 
Furthermore, these regions always correspond to areas 
in which somitic boundaries are absent. In a prelimi- 
nary study, we observed that the putative promoter 
region of chicken Pax-1, located 5' of the transcription 
start site, contains a candidate Pax-1 binding sequence 
structurally similar to the recently reported Pax-1 
binding sites based on the eBbinding site in the Dro- 
sophila even-skipped promoter (Chalepakis et al., '91; 
Song et al., '96). This finding suggests the possibility 
that Pax-1 modulates its own expression through bind- 
ing of its own promoter in a feedback type mechanism. 
In this manner, perturbation of Pax-1 gene expression 
would indeed be maximal in cells that are at their ini- 
tial phase of Pax-1 expression. We are currently under- 
taking transfection studies to assess these gene regu- 
lation mechanisms. 
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