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Abstract    

To examine in detail spinal nerve defects induced by prenatal exposure to valproic acid 

in mice, pregnant ICR mice were subcutaneously injected with a single dose of 400 

mg/kg valproic acid on gestational day 6, 7, 8, or 9, and their embryos were observed on 

gestational day 10. The whole-mount immunostaining using an anti-neurofilament 

antibody allowed us to identify spinal nerve defects, such as a loss of bundle, 

anastomosis among bundles arising from adjacent segment, and a disrupted segmental 

pattern of the dorsal root ganglia, in valproic acid-exposed embryos. The prevalence of 

spinal nerve defects was the highest in the embryos exposed to valproic acid on 

gestational day 8 among the experimental groups. Then, effects of the administration 

dose of valproic acid on the prevalence of spinal nerve defects were examined on 

gestational day 10 and found to be dose-dependently increased. It was noteworthy that 

all embryos exposed to 600 mg/kg of valproic acid on gestational day 8 suffered spinal 

nerve defects. Folic acid (3 mg/kg/day) supplementation during gestational day 6 to10 

suppressed the prevalence of valproic acid-induced neural tube defects, which are 

common malformations in offspring prenatally exposed to valproic acid, but not that of 

spinal nerve defects. Thus, the spinal nerve defects due to prenatal valproic acid 

exposure might be induced by mechanisms different from those of neural tube defects. 

Because spinal nerve defects were predicted to be caused by the disrupted segmental 

arrangement of the somites and/or that of neural crest cells which was the origin of the 

dorsal root ganglia and/or abnormal polarity of the somite, this mouse model with spinal 

nerve defects at high incidence, would be useful to examine the effects of valproic acid 

on somitogenesis and morphogenesis of somite-associated structures. 
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Introduction 

 

Valproic acid (VPA) has been commonly used for treatment of epilepsy, and has also 

been recognized as a teratogen. Single use of VPA during pregnancy may possibly 

increase the risk of spina-bifida, polydactyly, clubfoot, cleft palate, ventricular septal 

defect, atrial septal defect, and hypospadias, in human (review in Jentink et al., 2010). 

Although it has been recommended to withdraw VPA during pregnancy, it still cannot 

be discontinued in a subset of epileptic women in order to have good seizure control, 

which is common to them even during pregnancy (Ornoy, 2006).   

Details of VPA teratogenicity have been confirmed in studies using animal models 

of various species, including, mouse, rat, chick, zebrafish, and also monkey (reviewed 

in Ornoy, 2009). Previous reports demonstrated that prenatal VPA exposure may 

possibly induce developmental dismorphology, such as exencephaly, skeletal 

malformations, and cardiac defects (Padmanabhan and Hameed, 1994). Prenatal VPA 

exposure also has been suspected to disturb behavioral development, even in the 

absence of malformation (Meador et al., 2013). Epidemiological studies showed that 

VPA exposure in utero increased the incidence of autism and autism spectrum disorder 

in human (Bromely et al., 2008; Christensen et al., 2013), and prenatal VPA-exposed 

animals have been interesting models of autism these days (Bambini-Junior et al., 2011; 

Narita et al., 2010; Roullet et al., 2010). 

Menegola and her colleagues reported morphological defects of spinal nerves 

(spinal nerve defects; SNDs) in rat embryos exposed to VPA in utero (Menegola et al., 

1999). It was also well known that VPA exposure in utero induced axial skeletal 

malformations, such as fusion of the adjacent vertebrae (Okada et al., 2004; 
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Padmanabhan and Hameed, 1994). Because the vertebrae are derived from the 

sclerotomes, which differentiated from the somites, it has been suspected that the 

vertebral malformation seen in VPA-exposed offspring could be caused by disruption of 

somitogenesis (Di Renzo et al., 2010; Menegola et al., 1999). As well as generation of 

the vertebrae, segmental fascicle formation of the spinal nerves is closely associated in 

the somites, although spinal nerves do not arise from the somites, unlike the vertebrae. 

Thus, it was predictable that the disrupted somite formation in VPA-exposed offspring 

might consequently induce also SNDs.  

The somites are generated by periodic segmentation of the paraxial mesoderm with 

a fine process regulated by several molecular systems to control the number of each 

somite and timing of their formation, size, orientation and axial identity (see Gilbert, 

2014). The “Clock and wavefront model” is one of the well-known mechanisms to 

explain the fine controlled process (Baker et al., 2006; Cooke and Zeeman, 1976; 

Dequéant and Pourquîé, 2008). Somite polarity also contributes to braid striking 

segmental arrangement of the spinal nerves. In addition, the metameric arrangement of 

the dorsal root ganglia, that derived from the subset of neural crest cells and arise 

sensory axons, is partially caused by segmental settlement of migrated neural crest cells. 

Although only a few studies examined the effects of VPA on somitogenesis-related 

molecules (Barnes et al., 1996; Di Renzo et al., 2010), it has never been examined about 

the effects of VPA on the somite clock system, the repulsive mechanism for segmental 

arrangement of spinal nerve axons, and segmental migration of neural crest cells.  

Although VPA-induced SNDs were observed in rats, but still not yet in mice and 

zebrafish, which are commonly used to examine the mechanism of somite formation 

(see reviews, Hubaud and Pourquie, 2014; Yabe and Takada, 2016). In addition, the 
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morphological phenotype of prenatal VPA-exposed offspring was different between rat 

and mouse. For example, whereas exencephaly, which is a type of NTDs in the anterior 

part of the neural tube, has been frequently observed in mice after prenatal VPA 

exposure, it was not common in VPA-exposed rats. Thus, the prenatal VPA-exposed 

mouse model, in which both NTDs and SNDs can be induced at a high incidence, could 

well serve to identify the mechanisms of dismorphology induced by VPA. The aim of 

the present study was the detection of SNDs in prenatally VPA-exposed mouse embryos 

and examination of developmental stage-dependent and dose-dependent changes of the 

prevalence of the SNDs induced by VPA.                                                                                                   

 

Materials and methods 

 

Pregnant ICR mice were obtained from Japan SLC (Hamamatsu, Japan). The day of 

presence of a vaginal plug was referred to as gestational day (GD) 0. All mice used for 

the present study were maintained in a temperature-controlled room (23 ±1°C) under a 

12-hour/12-hour of light and dark cycle and allowed free access to lab chow (MF, 

Oriental Yeast Co., Tokyo, Japan) and tap water. All animal procedures were conducted 

according to the Guide for the Care and Use of Laboratory Animals, and were reviewed 

by the Institutional Animal Care and Use Committee of the University of Tokushima. 

Great care was taken to minimize the number of animals used, and their suffering.  

    As Experiment #1, a single dose of 400 mg/kg VPA was subcutaneously injected to 

pregnant ICR mice on GD 6, 7, 8, or 9. VPA (sodium valproic acid, Sigma-Aldrich, 

MO) was dissolved into saline. As controls for each VPA-exposed group, pregnant mice 

received saline administration on the same schedule. In Experiment #2, pregnant mice 
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received subcutaneously VPA administration on GD 8 as a dose of 100, 200, 400, or 600 

mg/kg in order to examine a dose-related effect of prenatal VPA exposure on the spinal 

nerve development. In Experiment #3, pregnant mice that received 400 mg/kg VPA on 

GD 8 were orally administered folic acid (Sigma-Aldrich, MO) at a dose3 mg/kg/day or 

vehicle (distilled water) during GD 6 to 10.  

   On GD 10, pregnant mice were dissected under deep anesthesia, their embryos were 

removed and immersed in 4% paraformaldehyde/0.1 M phosphate buffer (4% PFA, pH 

7.2) and fixed overnight in 4% PFA. After washing with PBS, the embryos were 

immersed in 6% H2O2 in methanol for 60-min at room temperature and stored in 

methanol at -30℃ until use. The procedure previously described (Lee et al, 1995) was 

modified for the whole mount immunostaining in the present study. Briefly, embryos 

were incubated for three days in an anti-neurofilament antibody (2H3, 1:300, 

Developmental Studies Hybridoma Bank, IA), at 4°C. Next, the embryos were 

incubated with horseradish peroxidase-conjugated anti-mouse IgG antibody (1:200, 

MBL, Nagoya, Japan) overnight at 4°C. The immunoreactivity was then visualized with 

an ice cold Tris buffer/0.1% Triton X-100 containing 2.5 g/ml 3,3-diaminobenzidine 

tetrahydrochloride (Nakarai, Kyoto, Japan) under the presence of 0.003% H2O2. 

Immunostained embryos were binocularly observed (Leica, Wetzlar, Germany) and 

images were obtained by an imaging system (DS-L3, Nikon, Tokyo, Japan). Sometimes 

embryos were artificially ruptured during sampling or staining procedure, resulting in 

unclear staining in the whole mount immunostaining, or showed severe developmental 

delay beyond recognition of SNDs and/or NTDs. In these cases, the embryos were 

eliminated from calculation of the prevalence of SNDs or NDTs. The numbers of litters 

and embryos using each observation were listed in Table 1. 
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   Statistical analyses were conducted using a software, Statcel 3 (OMS, Tokorozawa, 

Japan). Fisher’s exact probability test was applied to compare the prevalence of SNDs 

or NTDs between a VPA-exposed group and its control. Effects of FA supplementation 

on the prevalence of SNDs or NTDs were evaluated by 
2
 test. Statistical significance 

was considered at p < 0.05. 

 

Results 

 

As previously described (Osumi et al., 1997), the whole-mount immunostaining using 

an anti-neurofilament antibody clearly detected fiber bundles and dorsal root ganglia 

consisting of the spinal nerves and also fiber bundles of the several cranial nerves and 

their ganglia (Fig. 1). VPA-exposed mice showed a diverse type of SNDs, such as loss 

of nerve bundle with or without disrupted segmental arrangement of the spinal ganglia 

(Fig. 2B and C, respectively), an anastomosis among bundles arise from adjacent 

segment, (Fig. 2D). Excencephaly, which is a commonly reported NTD in mice after 

prenatal VPA exposure, was also observed in our VPA-exposed mouse embryos (Fig. 

2E). 

   In Experiment #1, we examined developmental stage-related change of prevalence 

of SNDs and NTDs induced by VPA. The highest prevalence of SNDs was marked in 

the embryos derived from dams administered VPA on GD 8 (Fig. 3 A). Statistical 

analysis revealed a significant difference in prevalence between mouse embryos 

exposed to VPA on GD 8 and their control group (p<0.01). Prevalence of NTDs was 

significantly higher in the embryos exposed to VPA on GD 7 or GD8 compared to each 

control group (p<0.01).  
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    In Experiment #2, a dose-related change in the prevalence of SNDs was examined 

using embryo exposed to VPA on GD 8, which is the day showing the highest 

prevalence of SNDs induced by VPA in Experiment #1. Dose-dependent administration 

increase in prevalence was confirmed in both SNDs and NTDs, although it was more 

noticeable in SNDs. 100 mg/kg VPA administration on GD 8 was not sufficient to 

induce SNDs (p=0.48) (see Fig.4).  

   Preventive effects of folic acid supplementation were examined in Experiment #3 

(Fig. 5). As previously reported, folic acid supplementation suppressed the incidence of 

NTDs. On the other hand, prevalence of SNDs induced by VPA was not altered by folic 

acid supplementation.  

   

Discussion 

 

In the present study, we showed various types of SNDs in mouse models of prenatal 

VPA exposure. The most sensitive period of VPA exposure to induce the SNDs was GD 

8 in mice. The prevalence of SNDs was VPA dose-dependently increased by 

administration on GD 8, and it was notable that all of the embryos exposed to VPA on 

GD 8 at a dose of 600 mg/kg suffered SNDs, although only about 32% of embryos in 

the same group showed NTDs. Folic acid supplementation during GD 6 to GD 10 was 

effective to suppress the prevalence of NTDs but not that of SNDs caused by prenatal 

VPA exposure. Thus, the mechanism of SNDs by prenatal VPA exposure might be 

different from that of NTDs.   

The striking segmental fascicle formation of the spinal nerve is closely associated 

with the somite. Especially, somite polarity contributes to braid segmental arrangement 
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of the spinal nerves. During the development, both sensory and motor axons, that 

sprouting from the dorsal root ganglia and ventral part of the neural tube, respectively, 

are confined to the anterior half of the each segmented sclerotome, resulting from 

rejection by its posterior half (Kuan et al., 2014). In addition, the metameric 

arrangement of the dorsal ganglia that derived from the subset of neural crest cells and 

arise sensory axons, is also contributed by segmental migration system of neural crest 

cells. A number of candidate molecules, such as ephrin-B1 that is expressed in the 

posterior halves of the sclerotome and also controls fasciculation of axons, neuropilin 1 

that is required for segmental arrangement of the dorsal ganglion, neuropilin 2 that is 

required for segmental migration of neural crest cells, and semaphorin 3A that is 

expressed in the posterior halves of the sclerotome, for this restricted distribution of 

spinal nerve axons were reported (Luxey et al., 2013; Roffers-Agarwal and Gammill, 

2009; Vermeren et al., 2000). Neural crest cells also contribute to generation of somite 

polarity, due to their restricted migration into the anterior half of each somite. The 

effects of VPA on the repulsive mechanism for segmental arrangement of spinal nerve 

axons and segmental migration of neural crest cells have never been examined. 

However, it was reported that VPA affected migration and proliferation of neural crest 

cells (Fuller et al., 2002) and inhibited the differentiation of branchial ganglia, 

especially in the dorsal part of them, deriving from neural crest cells (Gofflot et al, 

1996). Thus, it is necessary to investigate an involvement of neural crest cells in 

VPA-induced SNDs in further experiments.  

The SNDs induced by prenatal VPA exposure are likely to be caused by odd 

arrangement of the somites, because it was previously reported that prenatal VPA 

exposure disrupted striking segmental arrangement of somites (Di Renzo et al., 2010). It 
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was suspected that the disrupted segmental arrangement of somites might have 

contributed to dismorphogenesis of vertebrates and also SNDs after prenatal VPA 

exposure. Even so, it has been never examined yet how VPA affects somitogenesis. 

Somitogenesis is accomplished with several components, such as separation of the 

somite, periodicity, epithelialization, specification, and differentiation, and a number of 

molecules are identified as key agents contributing to this dynamic process (see Gilbert, 

2014). For example, Notch signaling pathway plays an important role to determine 

where somite boundaries are formed and Lunatic fringe, a modulator of the Notch 

receptor and is expressed in the region of the presumptive boundary in presomitic 

mesoderm, contributes to establish a morphological boundary between each somite 

(Sato et al., 2002). Interestingly, the lunatic fringe mutant mice showed fusion of 

adjacent vertebrae and disruption of the periodic pattern of the dorsal 

 root ganglia (Evrard et al., 1998), resembling with prenatally VPA-exposed mice. 

Because it has been reported that VPA modulated Notch signaling (Stockhausen et al., 

2005; Sun et al., 2015), a disruption of Notch signaling is suspected of relating to 

VPA-induced SNDs. However, it remains unclear whether the cause of SNDs was only 

the disrupted metameric arrangement of somite and/or other factors, such as somite 

polarity and migration of neural crest. Thus, it was expected that mechanisms of 

VPA-induced morphological defects would become evident in further experiments using 

this VPA-exposed mice model showing a high incidence of SNDs.  
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Fig. 1  Whole mount immunostaining using anti-neurofilament antibody in mouse 

embryo on GD 10. tel telencephalon, ov opitic vesicle, he heart, ab anterior 

limb bud, pb posterior limb bud, III oculomotor nerve, V(G) trigeminal 

ganglion, V1 ophthalmic nerve, V2 maxillary nerve, V3 mandibular nerve, VII 

facial nerve, X vagus nerve, XII hypoglossal nerve, C1~8, cervical nerves, Th 

1~13 thoracic nerves, L 1~5 lumbar nerves. Scale bar = 1 mm. 

 

Fig. 2  SNDs and excencephaly seen in prenatal VPA-exposed mouse embryo on GD 

10. Whole mount-immunostained intact embryo (A) and VPA-exposed embryos 

(B, C, D, and E), with high magnification of the rectangle framed region on 

each (A’, B’, C’, D’, and E’, respectively). The intact embryo showed striking 

arrangement of fascicle and dorsal ganglia of the spinal nerves (A and A’). 

VPA-exposed mouse embryos showed various types of SNDs, such as loss of 

fiber bundle (arrows) with (B and B’) or without (C and C’) disruption of 

segmentation of the dorsal root ganglia (an asterisk in B’), an anastomosis 

among bundles which arose from adjacent segments (D and D’, arrowheads) E, 

a prenatal VPA-exposed embryo with excencephaly. 

 

Fig. 3  VPA (400 mg/kg ) exposure stage-related difference in prevalence of SNDs (A) 

and NTDs (B) in mice. Only the embryos exposed to VPA on GD 8 showed 

significant increase in prevalence of SNDs. Significant increase in prevalence 

of NTDs was detected in the embryos exposed to VPA on either GD 7 or GD 8. 

* p<0.01 v.s. each saline-administered control group. 
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Fig. 4  VPA dose-related differences in incidence of SNDs (A) and NTDs (B) in mice 

exposed to VPA on GD 8. Prevalence of both SNDs and NTDs by VPA was 

increased in an administration dose-dependent manner, whereas that in SNDs 

was more prominent. * p<0.05, ** p<0.01 v.s. a saline-administered control 

group. 

 

Fig. 5  Preventive effect of folic acid supplementation on prenatal VPA-induced SNDs  

and NTDs. Folic acid supplementation suppressed incidence of NTDs, but not 

that of SNDs. * p<0.05 v.s. a DW and VPA-administeredS control group. 
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Table 1 Number of litters and embryos 

 Litter 
Total 

embryos 
Observation 

of SNDs  

Observation  

of NTDs 

Intact 4 38 55 51 

<Experiment #1>  
 

  

      Sal GD6  4 51 51 49 

     VPA GD6 3 42 41 40 

      Sal GD7 2 23 23 20 

     VPA GD7 7 91 87 82 

      Sal GD8 4 54 54 48 

    VPA GD8 7 88 83 80 

Sal GD9 3 38 35 33 

VPA GD9 3 36 35 31 

<Experiment #2>     

Sal 4 54 54 48 
VPA 100 4 63 63 45 

VPA 200 2 32 29 28 

VPA 400 7 88 83 80 

VPA 600 2 28 28 22 

<Experiment #3>  
 

  

DW/VPA 400 8 124 122 103 

FA/VPA 400 8 108 107 89 
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