
1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17722  | https://doi.org/10.1038/s41598-020-74662-0

www.nature.com/scientificreports

Alterations in the autonomic nerve 
activities of prenatal autism model 
mice treated with valproic acid 
at different developmental stages
Yoshiyuki Kasahara1,2*, Chihiro Yoshida1,2, Kana Nakanishi2, Miyabi Fukase2, Arisa Suzuki2 & 
Yoshitaka Kimura1,2

Autism spectrum disorder (ASD) is characterized by impairment of social communication, repetitive 
behavior and restrictive interest. The risk of ASD is strongly associated with the prenatal period; 
for instance, the administration of valproic acid (VPA) to pregnant mothers increases risk of ASD 
in the child. Patients with ASD often exhibit an alteration in the autonomic nervous system. In this 
study, we assessed the autonomic nervous activity at each prenatal developmental stage of model 
mice of ASD treated with VPA, to clarify the relationship between timing of exposure and ASD 
symptoms. The assessment of the autonomic nervous activity was performed based on the analysis of 
electrocardiography data collected from fetal and adult mice. Interestingly, VPA model mouse fetuses 
exhibited a significantly lower activity of the sympathetic nervous system. In contrast, sympathetic 
nervous activity at P0 was significantly higher. In adult VPA model mice, the parasympathetic activity 
of female VPA mice was suppressed. Moreover, female VPA mice showed reduced the parasympathetic 
activity after exposure to restraint stress. These results suggest that the autonomic nervous activity 
of VPA model mice was altered from the fetal stage, and that the assessment of autonomic nervous 
activities at an early developmental stage could be useful for the understanding of ASD.

Autism spectrum disorder (ASD) is a developmental disorder characterized by disability of social communica-
tion, repetitive behavior, and restricted interests1. In this decade, developmental disorders such as ASD have been 
increasing2. In fact, the prevalence of ASD was 18.5 per 1,000 (one in 54) children aged 8 years in 2016, across 
11 sites in the US3. The detailed mechanism underlying the pathogenesis of ASD remains unclear; hence, effec-
tive medications and an objective diagnosis have not been established for this condition4. Although no standard 
medication for ASD has been reported to date, early detection and appropriate care may improve its symptoms5.

The risk of developing ASD is strongly associated with the prenatal period. Maternal intake of certain chemical 
substances and antiepileptic drugs during pregnancy, genetic mutation in the fetus, and older parents are factors 
that increase the risk of developing ASD6. In particular, the consumption of valproic acid (VPA), which is an 
antiepileptic drug and mood stabilizer, by pregnant women triggers ASD and autism-like behavior in offspring of 
human and animal models, respectively7–9. Developmental Origins of Health and Disease (DOHaD) is a concept 
that entails that exposure to certain factors during the prenatal period may cause long-term side effects. This 
paradigm helps to understand how risk factors present during fetal development contribute to the triggering of 
several disorders. Psychiatric and developmental disorders have also been associated with DOHaD10. Prenatal 
maternal stress has been shown a risk factor that can causes changes in the social behavior of the offspring in 
humans and rodents during their adulthood11,12. In addition, prenatal maternal stress may induce cognitive 
disfunctions13,14, hyperactivity15, anxiety16, and depression-like behavior17,18.

The measurement of autonomic nervous system activation has been used to improve our understanding of the 
biological underpinnings of psychophysiological dysfunction19–21. The autonomic nervous system is considered 
to encompass three anatomical divisions: the sympathetic, parasympathetic, and the enteric nervous systems22. 
In particular, the sympathetic and parasympathetic nervous systems have opposing effects on various physi-
ological activities. For example, the sympathetic nervous system accelerates the heart rate (HR), whereas the 
parasympathetic nervous system suppresses it. The activity of the autonomic nervous system can be accessed 
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via the evaluation of HR variability (HRV) using electrocardiography (ECG)23. Power spectrum analysis of HRV 
can provide information on the balance of the sympathetic and parasympathetic activities that occur during 
numerous physiological and pathophysiological conditions. The power spectrum of HRV can be divided into 
two main domains, i.e., the low-frequency (LF) and high-frequency (HF) domains24. LF reflects the sympathetic 
and parasympathetic nerve activities, HF reflects the parasympathetic nerve activity, and the LF/HF ratio reflects 
the sympathetic nerve activity.

ECG analysis of children and adults diagnosed with ASD has revealed lower autonomic nervous activity 
compared with healthy individuals. This lower activity has been hinted to be associated with the pathology of 
ASD25–27. In addition, the sympathetic and parasympathetic interaction is associated with externalizing behavior 
problems in children with ASD28. In our previous studies, we developed techniques for measuring fetal ECG 
in humans29–31 and animals23,32, to evaluate the sympathetic nervous activity using ECG collected from fetuses 
and adult subjects.

As developmental and neuropsychiatric disorders, including ASD, can be associated with the concept of 
DOHaD, it is expected that early treatment and diagnosis will be possible by identifying the characteristics of 
the symptoms starting as early as the fetal stage. However, the elucidation of these mechanisms is, unfortunately, 
insufficient. Therefore, the evaluation of the autonomic nervous system at each developmental stage, starting from 
the fetal period, using ECG measurements may provide new insights into the pathophysiology of ASD. Further-
more, it may contribute to the establishment of diagnostic methods from the early stage of the developmental 
disorders. In this study, we assessed the development of autonomic nervous activity in both fetal and adult mice 
via ECG measurements in a mouse model of ASD generated via the administration of VPA during the fetal stage.

Results
Evaluation of sociability and social novelty in the VPA mouse model generated here (VPA 
mice).  To confirm whether VPA mice were appropriate as a model of ASD under the experimental condi-
tions of the present study, we performed the three-chambered social-approach test to evaluate the sociability and 
response to social novelty of VPA mice (Fig. 1A). During the habituation session, side preferences of mice were 
evaluated to exclude confounding effects. In the habituation session, both mouse groups, regardless of treatment, 
spent almost equal time roaming each side chamber (Fig. 1B,E). In the second session, a novel object (empty 
cage) along with a novel mouse (stranger 1) were introduced to the other two chambers to compare between the 
time spent with stranger 1 and the time spent with the empty cage. In the second session, male Sal mice spent 
more time with stranger 1 than the empty cage (P = 0.008; Fig. 1C). Conversely, male VPA mice spent a similar 
time in the area with stranger 1 and in the empty cage (P = 0.149) (Fig. 1F). In the third session, a second novel 
mouse (stranger 2) was placed in the cage that had been empty in the second session, to measure the time spent 
with familiar and unfamiliar mice. The results of the third session showed that male Sal mice spent more time 
with stranger 2 (unfamiliar) than stranger 1 (familiar) (P = 0.040; Fig. 1D). In contrast, male VPA mice did not 
distinguish the unfamiliar mouse from the familiar mouse (P = 0.927) (Fig. 1G). These results showed that the 
male VPA mice used in this study exhibited reduced social recognition.

Autonomic nerve activities in fetal stages in autism model mice.  In this study, we focused on 
the development of the autonomic nervous system in the fetal stage of a mouse model of autism established 
in-house; hence, we carried out fetal ECG measurements in these animals. Regarding HR, two-way analysis of 
variance (ANOVA) revealed the presence of a significant main effect of developmental stage (F[1, 41] = 114.35, 
P < 0.001), but no main effect of treatment (F[1, 41] = 1.404, P = 0.243) or the interaction of developmental stage 
with treatment (F[1, 41] = 0.006, P = 0.941) (Fig. 2A). Regarding the short-term variability (STV), there were no 
main effects of developmental stage (F[1, 41] = 1.088, P = 0.303) and treatment (F[1, 41] = 0.121, P = 0.730); how-
ever, a significant interaction of developmental stage with treatment (F[1, 41] = 6.603, P = 0.014) was observed. 
Post hoc comparisons demonstrated that the STV at E18.5 was significantly lower than that at E15.5 in VPA 
mice (P = 0.015), and that the STV of VPA mice at E15.5 was significantly higher than that of Sal mice (P = 0.030) 
(Fig. 2B). There were no main effects of the developmental stage on the LF (ln) (F[1, 41] = 2.473, P = 0.124), HF 
(ln) (F[1, 41] = 0.395, P = 0.533), and LF (ln)/HF (ln) ratio (F[1, 41] = 1.585, P = 0.215). Although no main effect 
of treatment was observed on the LF (ln) (F[1, 41] = 2.977, P = 0.092) and HF (ln) (F[1, 41] = 0.221, P = 0.641), a 
significant main effect of treatment on LF (ln)/HF (ln) was detected (F[1, 41] = 8.237, P = 0.006). The interaction 
of developmental stage with treatment on the LF (ln) (F[1, 41] = 8.622, P = 0.005) and HF (ln) (F[1, 41] = 4.437, 
P = 0.041) was significant, whereas no interaction of developmental stage with treatment on the LF (ln)/HF (ln) 
was observed (F[1, 41] = 3.638, P = 0.064). Post hoc comparisons showed that the LF (ln) of VPA mice was sig-
nificantly decreased at E18.5 compared with at E15.5 (P = 0.003). In addition, the LF (ln) of VPA mice at E18.5 
was significantly lower than that of Sal mice (P = 0.004) (Fig. 2C–E).

Neonatal sympathetic activity was higher in VPA infants.  We assessed the ECG results in VPA and 
Sal mice at P0. One-way ANOVA indicated that there were no main effects of treatment on HR (F[1, 45] = 0.355, 
P = 0.554), STV (F[1, 45] = 0.007, P = 0.932), and HF (ln) (F[1, 45] = 0.428, P = 0.516), whereas significant main 
effects of treatment on LF (ln) (F[1, 45] = 8.725, P = 0.005) and LF (ln)/HF (ln) (F[1, 45] = 7.112, P = 0.011) were 
detected (Fig. 3A–E). The latter results are the opposite to those obtained for E18.5 of VPA mice (Fig. 2A–E).

The alterations of autonomic nervous activities observed in the fetal stage of VPA mice were 
partially ameliorated over time in the postnatal period.  We performed ECG measurements in 
VPA and Sal mice at 4 and 8 weeks of age. Three-way repeated measures ANOVA revealed that there were no 
main effects of age (F[1, 38] = 0.011, P = 0.915), sex (F[1, 38] = 0.284, P = 0.597), and treatment (F[1, 38] = 1.643, 
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P = 0.208) on HR. Moreover, no significant age × sex × treatment interaction was observed regarding HR (F[1, 
38] = 0.117, P = 0.734). No significant simple interaction effects were found for age × sex (F[1, 38] = 0.010, 
P = 0.920), age × treatment (F[1, 38] = 0.029, P = 0.886), and sex × treatment (F[1, 38] = 1.550, P = 0.221) (Fig. 4A). 
Regarding the STV, there were significant main effects of age (F[1, 38] = 36.324, P < 0.001) and sex (F[1, 
38 = 4.805], P = 0.035), but no main effect of treatment (F[1, 38] = 0.034, P = 0.855). A significant age × sex × treat-
ment interaction was observed (F[1, 38] = 9.810, P = 0.003). No significant simple interaction effects were found 
for age × treatment (F[1, 38] = 0.036, P = 0.850) and sex × treatment (F[1, 38] = 0.010, P = 0.923), whereas a sig-
nificant simple interaction effect was observed for age × sex (F[1, 38] = 5.141, P = 0.029). Post hoc comparisons 
revealed that male Sal mice at 4 weeks had a higher STV than did female Sal mice (P = 0.010), whereas male 
VPA mice at 8 weeks had a higher STV than did female VPA mice (P = 0.012). In addition, the STV of male VPA 
mice at 4 weeks was lower comparable to that of male Sal mice (P = 0.022), whereas at 8 weeks, there was no 
significant difference between treatments in male mice (P = 0.221). In female mice, no alterations were observed 
both at 4 (P = 0.089) and 8 (P = 0.237) weeks between treatments. Conversely, the STV of male Sal mice, male 
VPA mice, and female Sal mice was significantly increased at 8 weeks vs. 4 weeks of age (P = 0.002, P < 0.001 and 
P < 0.001, respectively), whereas the STV of female VPA mice did not vary according to age (P = 0.724) (Fig. 4B). 
Regarding the LF (ln), there was a significant main effect of age (F[1, 38] = 20.196, P < 0.001), whereas no sig-
nificant effects were demonstrated for sex (F[1, 38] = 1.731, P = 0.196) and treatment (F[1, 38] = 0.623, P = 0.435). 
No significant age × sex × treatment interaction was observed (F[1, 38] = 0.262, P = 0.611). No significant sim-
ple interaction effects were found for age × sex (F[1, 38] = 0.003, P = 0.955), age × treatment (F[1, 38] = 0.893, 
P = 0.351), and sex × treatment (F[1, 38] = 0.239, P = 0.627) (Fig. 4C). Regarding the HF (ln), there was a sig-
nificant main effect of age (F[1, 38] = 24.841, P < 0.001), but no significant effects were observed for sex (F[1, 
38] = 2.655, P = 0.112) and treatment (F[1, 38] = 0.165, P = 0.687). A significant age × sex × treatment interaction 
was observed (F[1, 38] = 9.951, P = 0.003). No significant simple interaction effects were found for age × sex 
(F[1, 38] = 0.782, P = 0.382), age × treatment (F[1, 38] = 0.241, P = 0.626), and sex × treatment (F[1, 38] = 0.013, 

Figure 1.   Evaluation of sociability and social novelty in the VPA mice used in this study. (A) Schematic 
illustration of the three-chambered test: first stage (habituation), second stage (sociability), and third stage 
(social novelty). The gray area was defined as the social-approach area. (B-D) Time spent by Sal mice in each 
of the social-approach areas during the habituation stage (B), sociability stage (C), and social novelty stage (D). 
(E–G) Time spent by VPA mice in each of the social-approach areas during the habituation stage (E), sociability 
stage (F), and social novelty stage (G). *P < 0.05, ** P < 0.01.
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P = 0.910). Post hoc comparisons demonstrated that male Sal mice at 4 weeks had a higher HF (ln) than did 
female Sal mice (P = 0.024), and that male VPA mice at 8 weeks had a higher HF (ln) than did female VPA mice 
(P = 0.023). The HF(ln) values of male Sal mice, male VPA mice, and female Sal mice were significantly increased 
at 8 weeks vs. 4 weeks of age (P = 0.042, P = 0.001, and P < 0.001, respectively), whereas the HF(ln) of female 
VPA mice remained unchanged with aging (P = 0.845) (Fig.  4D). Regarding the LF (ln)/HF (ln) ratio, there 
was a significant main effect of age (F[1, 38] = 12.418, P = 0.001), but no significant effects were demonstrated 
for sex (F[1, 38] = 0.519, P = 0.476) and treatment (F[1, 38] = 0.369, P = 0.547). No significant age × sex × treat-
ment interaction was observed (F[1, 38] = 0.035, P = 0.854). No significant simple interaction effects were found 
for age × sex (F[1, 38] = 0.223, P = 0.640), age × treatment (F[1, 38] = 0.863, P = 0.359), and sex × treatment (F[1, 
38] = 0.679, P = 0.415)(Fig. 4E).

The results obtained at 4 and 8 weeks of age in VPA mice suggest that the disturbances in autonomic nerv-
ous activities, which were notable in the fetal and neonatal stages of VPA mice, were relieved over time in the 
postnatal period, especially regarding the sympathetic nervous activity; however, abnormal regulation of the 
parasympathetic nervous system seemed to persist into the adult stage of development.

Female VPA mice show lower parasympathetic activity under the stress condition.  Finally, 
we evaluated the autonomic responses of 15-weeks-old VPA and Sal mice after exposure to a 60 min restraint 
stress. Regarding HR, two-way ANOVA revealed that there was a significant main effect of treatment (F[1, 
35] = 12.251, P = 0.001), but no main effect of sex (F[1, 35] = 0.088, P = 0.769) or interaction of sex with treat-
ment (F[1, 35] = 0.957, P = 0.335) (Fig. 5A). Regarding STV, there were no main effects of sex (F[1, 35] = 1.129, 
P = 0.295) and treatment (F[1, 35] = 1.705, P = 0.200), whereas a significant interaction of sex with treatment 
(F[1, 35] = 8.260, P = 0.007) was observed. Post hoc comparisons demonstrated that the STV of male VPA mice 
was significantly higher than that of female VPA mice (P = 0.021), and that the STV of female VPA mice was 
significantly lower than that of female Sal mice (P = 0.006) (Fig.  5B). Regarding LF(ln), there were no main 
effects of sex (F[1, 35] = 1.109, P = 0.299), treatment (F[1, 35] = 0.327, P = 0.571), and interaction of sex with 
treatment (F[1, 35] = 0.000, P = 0.991) (Fig. 5C). In turn, regarding HF(ln), there were no main effects of sex (F[1, 

Figure 2.   Autonomic nervous activities in fetal stages in both Sal and VPA mice. (A) Heart rate, (B) STV, 
(C) LF (ln), (D) HF (ln), and (E) LF (ln)/HF (ln) in the fetal stages of Sal and VPA mice at E15.5 and E18.5. * 
P < 0.05, *** P < 0.005 vs. developmental stage, ‡ P < 0.05, ‡‡‡ P < 0.005 vs. treatment.



5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17722  | https://doi.org/10.1038/s41598-020-74662-0

www.nature.com/scientificreports/

35] = 0.823, P = 0.370) and treatment (F[1, 35] = 3.265, P = 0.079), whereas a significant interaction of sex with 
treatment (F[1, 35] = 8.135, P = 0.007) was observed. Post hoc comparisons showed that the HF(ln) of male VPA 
mice was significantly higher than that of female VPA mice (P = 0.027), and that the HF(ln) of female VPA mice 
was significantly lower than that of female Sal mice (P = 0.002) (Fig. 5D). Finally, regarding the LF(ln)/HF(ln) 
ratio, there were no main effects of sex (F[1, 35] = 0.640, P = 0.429), treatment (F[1, 35] = 0.080, P = 0.778), and 
interaction of sex with treatment (F[1, 35] = 0.577, P = 0.453) (Fig. 5E).

The results of the restraint stress experiment suggested that female VPA mice were more prone to restraint 
stress because they experienced abnormal alterations in the parasympathetic regulation.

Discussion
It was previously shown that prenatal exposure to VPA results in reduced sociability in male mice33,34. Therefore, 
we examined the sociability of the male VPA mice generated in this study and tested their validity as an ASD 
model. Male Sal mice exhibited sociability and social novelty, whereas male VPA mice had impaired sociability 
and social novelty (Fig. 1B-G). Thus, the male VPA mice used in our study exhibited an autism-like behavior.

Here, we performed ECG measurements in ASD model mice at fetal stages (E15.5 and E18.5) and after birth 
(P0 and 4, 8 and 15 weeks of age). The ECG at 15 weeks of age was performed after exposure to stress. Different 
features were calculated from the ECG data to identify autonomic nervous system regulation patterns that could 
assist in the diagnosis of ASD from early developmental stages.

Fetal ECG data collected at E15.5 and E18.5 indicated that the sympathetic nerve activity of VPA mice was 
significantly decreased regardless of developmental stage, because a significant main effect of treatment on the 
LF (ln)/HF (ln) ratio was observed in VPA mice. Although the HF (ln) of VPA mice was not affected by devel-
opmental stage and treatment, the STV of VPA mice was reduced at E18.5 compared with E15.5. Moreover, the 
LF (ln) of VPA mice was decreased at E18.5 compared with E15.5. However, the STV, LF (ln), and HF (ln) were 
not changed in Sal mice between E15.5 and E18.5. These results suggest that both the sympathetic and parasym-
pathetic nervous activity decreased in VPA mice as fetal development progressed. The STV of VPA mice was 
higher than that of Sal mice at E15.5, whereas the HF (ln) of VPA mice was not changed compared with that of 

Figure 3.   The neonatal sympathetic activity was higher in VPA mice. The (A) heart rate, (B) STV, (C) LF (ln), 
(D) HF (ln), and (E) LF (ln)/HF (ln) at P0 were measured in Sal and VPA mice at P0. The LF (ln) and LF (ln)/
HF (ln) were significantly higher in VPA mice. ‡ P < 0.05, ‡‡ P < 0.01 vs. treatment.
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Sal mice at E15.5. Because the STV is an indicator of parasympathetic activity, the higher STV observed in VPA 
vs. Sal mice at E15.5 suggests increased activity of the parasympathetic nervous system; however, the discrepancy 
between the STV and HF (ln) observed at E15.5 might reflect changes other than parasympathetic function at 
earlier stages of fetal development. Moreover, the LF (ln) of VPA mice was significantly lower than that of Sal mice 
at E18.5 (Fig. 2A–E). Lower LF (ln) and LF (ln)/HF (ln) values indicate decreased sympathetic nerve function. 
Furthermore, decreased sympathetic nerve activity was observed in the VPA group, which suggests that fetal 
sympathetic nerve function is associated with the abnormalities observed in the ASD model during fetal develop-
ment. Therefore, the assessment of the sympathetic nerve activity may be useful for the early diagnosis of ASD.

It has been reported that the expression of the HAND2 gene, which encodes a transcription factor and is 
required for sympathetic neuron survival35, was decreased in neurons derived from human Chr. 15q11.2–q13.1 
duplicated ASD stem cells35. Hence, our results of lower activities of the sympathetic nervous system in the fetal 
stage of the ASD model mice could explain the impaired sympathetic survival and/or development detected in 
ASD.

Based on several previous reports (see the reviews7,36), we injected pregnant female mice with VPA at E12.5 
to create a model of ASD. It has been suggested that neural crest cell (NCC) differentiation toward sympathetic 
and parasympathetic neurons depends on the expression of their neurotransmitters and the synthesis of enzymes 
and transcription factors37. Around E12.5, migrating NCCs play a role in the development of cardiac innervation 
and conduction37. Although VPA has multiple putative actions, including an increase in γ-aminobutyric acid 
(GABA) levels, a decrease in aspartate levels, and the blockade of sodium, calcium, and potassium voltage-gated 
channels, it has been suggested that histone deacetylase (HDAC) inhibition underlies the causal relationship 
between VPA and ASD9,38. As HDAC enzymes regulate the conformation of chromatin and affect gene transcrip-
tion, exposure of the fetuses to VPA around E12.5 might have affected the development of sympathetic nerves of 
the heart via changes in gene expression. It is difficult to explain why the sympathetic activity was altered in VPA 
mice. However, because a significant main effect of treatment on LF (ln)/HF (ln) was observed, impairment of 

Figure 4.   Heart rate and its variability in 4- to 8-week-old Sal and VPA mice. The (A) heart rate, (B) STV, (C) 
LF (ln), (D) HF (ln), and (E) LF (ln)/HF (ln) of 4- to 8-week-old Sal and VPA mice were plotted. * P < 0.05, *** 
P < 0.005, **** P < 0.001 vs. age. † P < 0.05 vs. sex, ‡ P < 0.05 vs. treatment.
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sympathetic differentiation may have occurred up to E15.5. We speculate that the delay in sympathetic develop-
ment became more apparent at E18.5 vs. E15.5. Genes such as BMP, MASH1, PHOX2B, GATA3 and HAND2 
are important for NCC differentiation into sympathetic neurons37; therefore, these genes would be involved in 
the changes in sympathetic activity caused by prenatal VPA administration. Thus, the prenatal administration 
of VPA changes the expression level of various molecules, which might have affected the development and/
or maturation of the autonomic nervous system. The prenatal administration of an HDAC inhibitor caused 
changes in the expression of autism-related genes, including Shank 3, which is associated to a delay in neuronal 
maturation39. In addition, exposure to VPA during pregnancy induces a reduction of the phosphatase and tensin 
homolog (PTEN) levels40, and PTEN knockout mice exhibit autism-like behaviors41,42. As described above, it can 
be inferred that prenatal VPA caused autism-like phenotypes through various different effects and contributed 
to changes in autonomic function.

Interestingly, at the P0 neonatal stage, VPA mice showed a significantly higher LF (ln) and LF (ln)/HF (ln) 
compared with Sal mice (Fig. 3A–E). Hence, the LF (ln) and LF (ln)/HF (ln) values were significantly lower 
during the fetal stage in VPA mice compared with Sal mice; nevertheless, the results obtained at P0 are difficult 
to interpret at first glance. One possibility is that VPA mice might have had an immature regulation of the 
sympathetic nervous system. The P0 neonatal mice had just undergone labor, which is a very strong stressor. 
Because we performed ECG measurements in neonatal mice several hours after parturition, we speculate that 
the sympathetic nerve activity evoked by parturition in Sal mice had recovered. In contrast, the sympathetic 
nerve activity of VPA mice had remained active because of immature regulation. Sheep studies have shown that 
neonatal blood noradrenaline levels are increased 1 h after parturition; however, 6 h after parturition, blood 
noradrenaline levels were decreased43. Conversely, some articles have indicated that high levels of LF persisted 
for several hours after parturition in humans44 and sheep43. The latter reports are inconsistent with the results of 
this study. As no previous report has examined the postpartum sympathetic nerve activity in mice in detail, it is 
necessary to study mice by focusing on postpartum sympathetic function in the future, to understand properly 
the results of the present study. Moreover, delivery radically switches the infant’s circulation, breathing and 
physiology45,46. The hyperactivation of the sympathetic nervous system observed in VPA mice at P0 may reflect 

Figure 5.   Autonomic nervous activities after exposure to a restraint stress in 15-week-old Sal and VPA mice. 
The (A) heart rate, (B) STV, (C) LF (ln), (D) HF (ln), and (E) LF (ln)/HF (ln) of 15-week-old Sal and VPA mice 
were evaluated after restraint stress in mice of both sexes. † P < 0.05 vs. sex, ‡ P < 0.05 vs. treatment.
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an impaired physiological switch from fetal to neonatal physiology, which might be central to the neuropatho-
physiology of VPA mice.

The results of the ECG data analysis performed at 4 and 8 weeks of age revealed the presence of a significant 
age × sex × treatment interaction regarding the STV and HF (ln), whereas only a main effect of age was observed 
on the LF (ln) and LF (ln)/HF (ln) (Fig. 4A–E). The STV and HF are indicators of the activity of the parasym-
pathetic nervous system24,47; thus, we thought that the function of parasympathetic control was affected to a 
greater extent at these developmental stages in the present study. Post hoc comparisons revealed that, although 
the HF (ln) was not significantly different, male VPA mice had a significantly lower STV than did male Sal mice 
at 4 weeks of age. Therefore, VPA treatment during pregnancy may affect the parasympathetic nerve activities 
of male mice at 4 weeks of age. Interestingly, at this age, both the STV and HF (ln) of Sal mice were higher in 
male mice compared with female mice, whereas no sex differences were observed in VPA mice. Conversely, at 
8 weeks of age, both the STV and HF (ln) of male VPA mice were higher compared with female VPA mice. The 
STV and HF (ln) were not different between male Sal mice and female Sal mice at 8 weeks of age. These results 
suggest that parasympathetic maturation is delayed in VPA mice; hence, the appearance of sex differences may 
have been shifted to a later stage of development compared with Sal mice. The STV and HF (ln) of male Sal, male 
VPA, and female Sal mice were significantly increased from 4 to 8 weeks of age, whereas these of female VPA mice 
remained unchanged, suggesting the strong suppression of parasympathetic nervous development in female VPA 
mice. Several reports revealed that the assessment of the sympathetic and parasympathetic activity using HRV 
in children with ASD yielded inconsistent results25–27,48. As ASD is a heterogeneous disease1, it can be inferred 
that such diversity occurred because of the characteristics of the population and the environmental factors that 
were involved in the studies. Because deficits in synaptic pruning by microglia may underlie the pathogenesis of 
ASD49,50 and microglial changes have been reported in VPA mice51,52, it is possible that synaptic pruning in the 
autonomic nervous system at the appropriate time is impaired in VPA mice. The enteric nervous system, which is 
an autonomic nervous system, contributes strongly to ASD symptoms53; therefore, the assessment of the enteric 
nervous system in VPA mice may be important to understand to our results. Moreover, ASD symptoms and the 
function of the autonomic nervous system vary according to sex54,55. Phenotypic sex differences have also been 
reported for VPA mice: sociability in VPA mice is strongly impaired in males, whereas social impairment is 
limited in females33,34. The relationship between sex and the symptoms caused by prenatal VPA administration 
is very important in our study, and there is a need to understand these sex differences better; for example, the 
relationship between the autonomic nervous system and sex hormones. In our study, a significant main effect 
of sex was observed in STV, whereas the main effect of treatment on STV was not significant. Therefore, it was 
possible that the effect of sex could be greater than the effect of treatment, at least in this study. More detailed and 
extensive research using various animal models of ASD in both sexes will be needed to elucidate the relationship 
between ASD and the autonomic nervous system.

Stress is known to worsen ASD symptoms56. Therefore, we assessed autonomic nervous activities in VPA 
and Sal mice after exposure to acute physical stress. A significant sex × treatment interaction was observed for 
both the STV and HF (ln) after exposure to acute stress, whereas the LF (ln) and LF (ln)/HF (ln) were not sig-
nificantly changed. Female VPA mice had lower STV and HF (ln) than did male VPA mice, as well as lower STV 
and HF (ln) compared with female Sal mice. These results indicate that parasympathetic nervous activities after 
stress stimuli were suppressed in female VPA mice. In this condition, a significant main effect of treatment was 
detected in the HR analysis, i.e., a higher HR was observed in VPA mice compared with Sal mice (Fig. 5A–E). 
Stress stimuli evoke the upregulation of sympathetic nervous activity, which increases the HR. Subsequently, 
the parasympathetic nervous activity increases, causing the HR to decrease, for calming down and returning to 
the normal condition. We performed ECG measurements in mice after 60 min of restraint stress and 15 min of 
restoration. Thus, our result suggests that female VPA mice failed to recover from stress because of the absence of 
upregulation of the parasympathetic nervous activity. Because female sex hormones affect autonomic control57, 
sex hormones may be responsible for the stress vulnerability observed in the female VPA mice in this study. Long-
term mental stress may worsen ASD symptoms more than physical stress. Although there were no significant 
differences in the VPA male mouse group after exposure to physical stress, male mice might be more vulnerable 
to other types of stress, such as mental stress. The vulnerability of mice to different types of stress needs to be 
investigated in future studies.

This study has several limitations. First, the effect of anesthesia on the ECG readings was not considered. Preg-
nant mice were anesthetized with a mixture of ketamine and xylazine, which is one of the most commonly used 
anesthetics in animal studies. Isoflurane was used in addition to ketamine/xylazine for anesthesia maintenance. 
In postnatal experiments, mice were anesthetized with isoflurane. It was reported that ketamine passes through 
the placental barrier and affects the fetus58,59. Ketamine/xylazine affect HR60, which is reduced by isoflurane in 
mice61. Therefore, anesthesia may represent a non-negligible factor in the results of this study, although its effect 
on fetal HR is unknown.

Second, sex differences regarding autonomic activities in the fetal and neonatal periods were not considered in 
this study. Because sex differences in symptoms in patients with ASD and VPA mice have been reported33,34,54,55, 
the validation of sex differences in the fetal and neonatal periods could be a very important and informative 
topic. Unfortunately, technical limitations did not allow the performance of ECG measurements using the same 
protocol from the fetal to the adult stages, which resulted in separate analyses for the fetal, neonatal, and ado-
lescent/adult stages.

In conclusion, dysfunction and/or delay in the development of the autonomic nervous system can be a char-
acteristic of prenatal VPA-treated ASD model mice. Although several issues remain to be resolved (such as the 
consideration of sex differences), because the activity of the autonomic nervous system can be assessed by ECG 
and human fetal ECG is feasible29–31, fetal and neonatal ECG measurements might be useful for the establishment 
of new diagnostic methods for ASD from an early developmental stage in the future studies.
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Materials and methods
Animals.  All handling and experimental procedures were performed in accordance with the Guidelines for 
the Care and Laboratory Animals of Tohoku University Graduate School of Medicine, and were approved by 
the Committee on Animal Experiments in Tohoku University (Sendai, Japan). The study’s approval number is 
2017MdA-334.

C57BL6/J mice (CLEA, Japan) were used in all studies. All mice were housed socially (3–5 mice in the same 
cage) in same-sex groups in a temperature-controlled environment under a 12 h/12 h light/dark cycle (lights on 
at 08h00, lights off at 20h00), with food and water available ad libitum.

Prenatal VPA treatment.  Female mice (7–19 weeks of age) were mated with age-matched male mice in 
the evening and checked for the presence of a vaginal plug on the next morning. We considered this day as 
embryonic day 0.5 (E0.5). On E12.5, 600 mg/kg of valproic acid sodium salt (VPA; Sigma, St. Louis, MO, USA) 
dissolved in saline solution (VPA mice) or saline solution alone (as a control; Sal mice) was injected into the 
subcutaneous fat of the neck of pregnant mice7,9,33,62,63. A 3-chambered social-approach test was performed using 
male mice to confirm whether VPA mice were an appropriate model of ASD (Sal: n = 8 from 3 mothers; VPA: 
n = 10 from 4 mothers). We collected and analyzed fetal ECG data at the E15.5 (Sal: n = 14 from 8 pregnant mice; 
VPA: n = 12 from 7 pregnant mice). Subsequently, ECG data were collected and analyzed at E18.5 (Sal: n = 9 from 
6 pregnant mice; VPA: n = 10 from 6 pregnant mice) and on the postnatal day 0 (P0; Sal: n = 28 from 4 mothers; 
VPA: n = 19 from 3 mothers). The following data were excluded from further analysis (E15.5, Sal: n = 2 (arrhyth-
mia); VPA, n = 2 (bradycardia and arrhythmia); E18.5, Sal: n = 3 (arrhythmia); VPA: n = 2 (bradycardia); P0, Sal: 
n = 1; outside the ± 3 SD range). Separate cohorts of experimentally naive pregnant female mice were used for 
each ECG experiment at E15.5, E18.5, and P0.

In addition to the experiments described above, ECG data were collected and analyzed in mice born to 
mothers that were treated with VPA or saline, at 4 weeks of age (Sal: male, n = 16; female, n = 12, from 4 mothers. 
VPA: male, n = 9; female, n = 8, from 4 mothers) and at 8 weeks of age (Sal: male, n = 16; female, n = 12, from 4 
mothers. VPA: male, n = 7; female, n = 7, from 4 mothers). In addition, ECG data were collected and analyzed in 
mice at 15 weeks of age (Sal: male, n = 15; female, n = 11, from 4 mothers. VPA: male, n = 6; female, n = 7, from 
4 mothers) after 60 min of restraint stress and 15 min of restoration (Fig. 6A). In these experiments, ECG data 
were repeatedly collected at 4, 8, and 15 weeks of age in the same mice. Two male VPA mice died between 4 and 
8 weeks of age, and one female VPA mouse had bradycardia at 8 weeks of age and died between 8 and 15 weeks 
of age. The following data were excluded from further analysis because of noise at the time of measurement 
(n = 1 male Sal mouse at 15 weeks of age, n = 1 female Sal mouse at 15 weeks of age, and n = 1 male VPA mouse 
at 15 weeks of age).

Three‑chambered social‑approach test.  The cohort of mice used in the 3-chambered social-approach 
test was independent from that used in the ECG experiments. We carried out the 3-chamber social-approach test 
according to our previous study64. The apparatus (51 × 34 × 22 cm) was divided into three chambers (17 × 34 cm) 
by transparent acrylic walls with rectangular openings (5 × 7 cm), thus allowing free movement of the test sub-
jects between the chambers. The sides of the apparatus were made of black acrylic plastic, whereas the floor was 
made of white acrylic, to create a high contrast between the floor and the dark-colored mouse strain used in 
this study. Mice used as the novel mouse stimuli were age- and sex-matched C57BL6J mice. The stranger mice 
were habituated to the enclosure for 3 days prior to the test. A small stainless-steel holding cage (a wire cup 
(height, 10 cm; diameter, 8 cm) that could be inverted to keep the stimulus mouse in place) was used sequester 
the stimulus mouse in one chamber of the apparatus, allowing sniffing between mice but preventing full physical 
contact. During the sessions, a glass cup was placed on top of the holding cage to prevent the test subjects from 
climbing on top of it.

At the beginning of the test session, each test subject was allowed to habituate for 10 min to the apparatus with 
all of the compartments empty. The test mouse was then enclosed in the center compartment of the apparatus, 
and a novel stimulus mouse (stranger 1) was enclosed in a holding cage and placed in a side compartment. The 
location of stranger 1 alternated between the left and the right sides of the apparatus across test subjects. Fol-
lowing placement of stranger 1, the doors were reopened, and the test mouse was allowed to explore the entire 
apparatus for 10 min. Each mouse was again placed in the center compartment with the doors closed. A new 
stimulus mouse (stranger 2) was placed in the holding cage that had been empty during the previous session. 
The test mouse was once again allowed to explore all three compartments for a second 10 min session, to assess 
preference for social novelty. The time spent in each of the areas with the stranger mouse or empty cage was 
measured automatically using the ANY-Maze software (version 6.10, Stoelting Co., Wood Dale, IL).

Fetal ECG measurements.  Pregnant mice were anesthetized with subcutaneous ketamine (Ketalar 
500 mg, 100 mg/kg; Daiichi-Sankyo) and xylazine (Rompun Inj Solution 2%, 10 mg/kg; Bayer) and maintained 
with inhalational isoflurane (0.5%, 260 ml/min; Forane AbbVie Inc.). The fetal ECG recording system for embry-
onic mice was as described in previous articles32,65. In short, three needle electrodes were attached to the preg-
nant mother, and two needle electrodes were inserted into the uterus, to attach them to the fetal chest and back. 
Fetal ECG recordings were collected simultaneously from two randomly selected fetuses from a pregnant mouse. 
ECG signals (sampling frequency, 1000 Hz) of pregnant mice and their fetuses were recorded for 15 min using a 
biomedical amplifier and recording system (Polymate AP1532; TEAC, Tokyo, Japan).

Measurement of postnatal ECG.  Mice were anesthetized with inhalational isoflurane (2%, 2 L/min; 
Forane AbbVie Inc.). Three needle electrodes were attached to the mice, and ECG signals (sampling frequency, 
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1000 Hz) were recorded from mice for 5 min using a biomedical amplifier and recording system (Polymate Mini; 
TEAC, Tokyo, Japan).

Exposure to restraint stress.  Animals were exposed to restraint stress by placing them in 50 mL plastic 
tubes with a few holes to maintain air flow for 60 min. After 15 min of restoration and 5 min of anesthesia using 
isoflurane, ECG was performed.

Data analysis.  ECG recording was performed for 15 min in the fetal stage and 5 min in the postnatal stage. 
For the analysis, 1 min from each stage was used. From the fetal stage data, 1 min between the 5th and 6th min 
was selected, and from the postnatal stage data, 1 min between the 1st and 2nd min was selected. As the mother’s 
abdomen was opened for fetal ECG measurements and two needle electrodes were placed through the uterus, 
the first 5 min of recording, when the signal was not stable, were not used for data analysis. Conversely, for post-
natal ECG measurements, three needle electrodes were attached to the mice and data from 1 min onward, when 
the signal was stable, were used for analysis. However, if the mentioned periods had noise and/or temporary 
arrhythmia, tachycardia, or bradycardia, the 1 min of data was selected from the 6th min and 10th min from 
the fetal stage data and from anywhere between the 1.5th min and 4th min from the postnatal stage data. The 
time slot that was selected from the fetal and postnatal stage data was the first 1 min period with a clear signal.

Beat-to-beat intervals were calculated from ECG data by finding the difference in time between two consecu-
tive R-wave peaks. To assess the activities of autonomic nerves, we carried out a power spectrum analysis, as 
described previously23. The HRV was calculated from the RR interval of the fetal ECG or postnatal ECG data of 
each subject. The power spectral density was also calculated based on the pseudospectrum using the eigenvector 
method (peig), and the area of LF (7–20 cycle/beat) and HF (21-end cycle/beat) were calculated using the MAT-
LAB software (version 2008b, MathWorks, USA). To analyze the data easily, LF and HF data were transformed 
to natural logarithm and defined as LF (ln) and HF (ln), respectively.

Figure 6.   Experimental design of this study, and representative images and analytical procedure of maternal, 
fetal, and adult ECG. (A) Schedule of the experiments. (B) Representative images of maternal, fetal, and adult 
ECG measurements in mice. The power spectrum density was calculated from RR intervals. The low-frequency 
(LF) power indicates activities of both the sympathetic and parasympathetic nervous system, whereas the high-
frequency (HF) power indicates parasympathetic nervous activity and the LF/HF ratio indicates sympathetic 
nervous activity.
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In this study, we considered LF (ln) as an indicator of the activity of the sympathetic and parasympathetic 
nerve, HF (ln) as an indicator of the activity of the parasympathetic nerve, and the LF (ln)/HF (ln) ratio as an 
indicator of the sympathetic nerve activity (Fig. 6B). We also analyzed the HR and short-term variability (STV). 
STV is another indicator of the parasympathetic nerve activity47. In this study, data that were outside the ± 3 SD 
range were excluded from further analysis. Noisy data, arrhythmia data, and bradycardia data were also excluded 
from further analysis. The fetal (E15.5 and E18.5) and P0 data were analyzed regardless of sex. Data pertaining 
to 4, 8, and 15 weeks of age were analyzed using sex as a between-subject factor.

Statistical analysis.  Data from the three-chambered social-approach test were analyzed using paired 
t-tests. The mean and standard error of the mean of the data were calculated. The ECG data were divided into 
the fetal (E15.5-E18.5), neonatal (P0), postnatal (4–8 weeks of age), and stress-loaded (15 weeks of age) stages 
of development for analysis, as the measurement methods and experimental protocols differed between fetal, 
neonatal, and subsequent developmental stages. Fetal ECG data of E15.5 and E18.5 mice were analyzed using 
two-way ANOVA with the between-subject factors of developmental stage (E15.5 vs. E18.5) and treatment (Sal 
vs. VPA). Significant ANOVA results were followed by Bonferroni post hoc comparisons, where applicable. 
ECG data of P0 mice were analyzed using one-way ANOVA with the between-subject factor of treatment (Sal vs. 
VPA). ECG data of 4-weeks- and 8-week-old mice were analyzed using three-way repeated measures ANOVA 
with the between-subject factors of sex (male vs. female) and treatment (Sal vs. VPA), and the within-subject 
factor of age (4 weeks vs. 8 weeks of age). For this analysis we used data from mice with complete data at both 4 
and 8 weeks of age. Significant ANOVA results were followed by Bonferroni post hoc comparisons. ECG data of 
15-weeks-old mice under the stress condition were analyzed using two-way ANOVA with the between-subject 
factors of sex (male vs. female) and treatment (Sal vs. VPA). Significant ANOVA results were followed by Bon-
ferroni post hoc comparisons. All alpha levels were set at 0.05. We analyzed all data using the SPSS software 
(version 21, IBM, USA).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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