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In autism spectrum disorder (ASD), disrupted functional and structural connectivity in the social brain has been
suggested as the core biological mechanism underlying the social recognition deficits of this neurodevelopmental
disorder. In this study, we aimed to identify genetic and neurostructural abnormalities at birth in a non-human
primate model of ASD, the common marmoset with maternal exposure to valproic acid (VPA), which has been
reported to display social recognition deficit in adulthood. Using a comprehensive gene expression analysis, we
found that 20 genes were significantly downregulated in VPA-exposed neonates. Of these, Frizzled3 (FZD3) and
PIK3CA were identified in an axon guidance signaling pathway. FZD3 is essential for the normal development of
the anterior commissure (AC) and corpus callosum (CC); hence, we performed diffusion tensor magnetic reso-
nance imaging with a 7-Tesla scanner to measure the midsagittal sizes of these structures. We found that the AC
size in VPA-exposed neonates was significantly smaller than that in age-matched controls, while the CC size did
not differ. These results suggest that downregulation of the genes related to axon guidance and decreased AC size
in neonatal primates may be linked to social brain dysfunctions that can happen later in life.
1. Introduction

Autism spectrum disorder (ASD) is one of the most common neuro-
developmental disorders involving social communication and interaction
disabilities, and particularly an inability to mentalize and infer another
person's state of mind (Frith et al., 1991). Social perception (i.e., men-
talizing or “Theory of Mind”) is thought to be processed in a set of
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neurodevelopmental disorder that occurs within the first 3 years of life;
therefore, it is important to understand the genetic and neurostructural
risks for neonatal development of the social brain in order to provide an
opportunity for effective early intervention (~12–48 months) (Vivanti
et al., 2016; Robins et al., 2008). Recent studies have suggested that ASD
or ASD-high-risk children aged 6–12 months already present an atypical
neurostructural phenotype, especially in their interhemispheric connec-
tions (Hazlett et al., 2017; Wolff et al., 2015). However, apparent tech-
nical limitations in human studies have prevented the identification of
causal genetic and/or neurostructural factors for atypical social brain
development.

Non-human primates have strong similarities to humans in terms of
brain structure and social communication abilities, and hence are
considered a good model for studying social brain dysfunction (Nelson
and Winslow, 2009; Zhao et al., 2018). Especially, the common
marmoset (Callithrix jacchus), which exhibits human-like social cognitive
abilities, has become a popular primate model for studying biological
foundations of human social cognition (Burkart et al., 2007; Yamazaki
and Watanabe, 2009). For example, the marmoset distinguishes human
actors who reciprocate social exchanges from those who do not, so that it
refuses food from non-reciprocators (Kawai et al., 2014). The animal is
also sensitive and averse to reward inequality (Yasue et al., 2018). These
human-like social behaviors were impaired in the ASD model marmoset
with prenatal exposure to the anti-epilepsy drug valproic acid (VPA)
(Yasue et al., 2015, 2018), which is known to increase the risk of ASD in
humans (Christensen et al., 2013). Such a higher-order and complex
nature of social recognition deficits is remarkable among various social
deficits (e.g., less social interaction) displayed in other ASD animal
models; therefore, studying a neonatal marmoset VPA model may pro-
vide a good opportunity to reveal the genetic and neurostructural dif-
ferences underlying atypical social brain development.

In this study, we aimed to identify, at birth, the genetic and neuro-
structural signatures in the marmoset that underlie social recognition
impairment in later life. We performed comprehensive gene expression
analysis of the social brain to identify VPA-associated abnormalities in
neonatal marmosets in comparison with age-matched controls. The re-
sults showed significant downregulation of gene expression in VPA-
exposed neonates, including Frizzled3 (FZD3) and PIK3CA, both of
which are on the axon guidance signaling pathway. FZD3 is essential for
normal embryonic development of the anterior commissure (AC) and
corpus callosum (CC) — bundles of axons connecting the two brain
hemispheres, including the social brain (Wang et al., 2002, 2006; Hua
et al., 2014). Thus, we examined structural abnormalities in AC and CC of
VPA-exposed neonates using diffusion tensor imaging (DTI). We found
that the midsagittal AC size in VPA-exposed neonates was significantly
smaller than that in age-matched controls, while there was no difference
in CC size. The findings of this study may provide novel genetic and
neurostructural signatures at birth that underlie autism-associated be-
haviors in primates, and could be potential targets for early intervention
of ASD.

2. Materials and methods

2.1. Subjects and experimental design

In this study, we used 24 neonatal commonmarmosets [postnatal day
(P)0–P4; Table 1]; 11 of these were exposed to VPA in utero (VPA group),
while the remaining 13 were unexposed (UE/control group). Eight
neonatal marmosets (VPA: n¼ 4; UE: n¼ 4) were used for microarray
gene expression analysis, while 16 (VPA: n¼ 7; UE: n¼ 9) were used for
magnetic resonance imaging (MRI) measurements (Table 1). The
microarray data from the UE group had also been used in previous studies
(Sasaki et al., 2014a, 2014b). Marmosets and their damswere housed in a
family cage and were provided food (CMS-1, CREA-Japan Inc., Tokyo,
Japan) and water ad libitum. The family cage was exposed to a 12-h
light–dark cycle. The room temperature and humidity were maintained
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at ~27�C–30 �C and ~40%–50%, respectively.
All experimental and animal care procedures were approved by the

Animal Research Committee, National Center of Neurology and Psychi-
atry (NCNP), Tokyo, Japan, and the National Institute of Radiological
Sciences, Chiba, Japan, and were in accordance with the US National
Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 80–23) and the Guide for Care and Use of Laboratory
Primates published by the National Institute of Neuroscience, NCNP.

VPA marmosets were obtained using the same procedure as previ-
ously described (Yasue et al., 2015, 2018). Briefly, the dams were mated
in their pair cages, and their blood progesterone levels were periodically
monitored to determine the timing of pregnancy. Blood samples
(<0.3mL) were collected twice a week from the femoral vein of un-
anesthetized animals put in a restrainer (CL-4532, CLEA, Japan, Inc.).
The dams received seven oral administrations of VPA sodium salt
(200mg/kg/day; Sigma-Aldrich, St. Louis, Mo) from days 60 through 66
after conception (Fig. 1). VPA was dissolved in 10% glucose solution just
prior to administration.

2.2. Microarray analysis

Marmosets (n¼ 8; Table 1) were sedated with 25mg/kg ketamine
hydrochloride (Ketalar®, Daiichi Sankyo, Tokyo, Japan) administered
intramuscularly and then euthanized using an overdose of 100mg/kg
sodium pentobarbital (Somnopentyl®, BCM International, Hillsborough,
NJ, USA) administered intraperitoneally. Next, they were intracardially
perfused with 0.1M potassium phosphate-buffered saline (PBS; pH 7.2).
Tissue blocks from OFC (mainly area 12) (Burman and Rosa, 2009) and
the temporal association cortex (mainly area TE) were excised as previ-
ously described (Oga et al., 2013), and immersed in RNA later (Life
Technologies Japan Ltd., Tokyo, Japan). Total RNA samples were pre-
pared using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according
to the manufacturer's instructions. The RNA concentrations were
measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA), and RNA integrity was assessed using a
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA; RNA integrity number
>7.0). Microarray probing, reverse transcription, second-strand synthe-
sis, and probe generation were performed using the 30IVT Express Kit
(Affymetrix, Santa Clara, CA, USA) according to the manufacturer's in-
structions. In brief, double-stranded cDNA was synthesized using 100 ng
of total RNA. This cDNA was then used to prepare biotin-labeled cRNA.
Finally, 15 μg of labeled cRNA was fragmented.

Next, gene expression was quantified using custom-made microarrays
(Marmo2a520631 F) (Sasaki et al., 2014a, 2014b). The microarrays were
hybridized according to instructions given in the Gene Chip Expression
Analysis Technical Manual (Affymetrix). The microarrays were stained
and washed using the GeneChip Hybridization, Wash, and Stain Kit
(Affymetrix). Fluorescence was intensified using the antibody amplifi-
cation method according to the manufacturer's instructions. The micro-
arrays were then scanned with a GeneChip Scanner 3000 (Affymetrix),
and the obtained images were processed using Affymetrix Microarray
Suite version 5 (MAS5). MAS5 detection calls were calculated to examine
the reliability of probe detection. The raw data obtained were analyzed
using Bioconductor (Huber et al., 2015), and the signal values derived
were globally normalized using guanine cytosine robust multiarray
analysis (Wu and Irizarry, 2004).

2.3. MRI measurement

Marmosets (n¼ 16; Table 1) were sedated and euthanized as carried
out for the microarray analysis. They were then intracardially perfused
with 0.1M PBS, followed by 4% paraformaldehyde (Merck, Whitehouse
Station, NY, USA) in 0.1M PBS. Fixed brain samples were placed into
50mL polypropylene centrifuge tubes filled with 4% paraformaldehyde
in PBS and supported by a handmade brain holder. The space between
the coil and the measurement tube was filled with a piece of sponge to



Table 1
Summary of VPA and UE groups used in the microarray and DTI analyses.

Condition Experiments Age (days) Body weight (g) Sex

UE Microarray 0 29 Male
UE Microarray 1 32 Female
UE Microarray 1 24 Female
UE Microarray 4 24 Male
UE DTI 2 26 Female
UE DTI 2 30 Female
UE DTI 2 26 Female
UE DTI 2 32 Female
UE DTI 2 28 Female
UE DTI 2 22 Male
UE DTI 2 28 Male
UE DTI 2 24 Male
UE DTI 2 22 Male
VPA Microarray 0 30 Female
VPA Microarray 0 25 Female
VPA Microarray 0 30 Male
VPA Microarray 1 30 Female
VPA DTI 2 30 Female
VPA DTI 2 30 Female
VPA DTI 2 28 Female
VPA DTI 2 30 Female
VPA DTI 2 32 Male
VPA DTI 2 32 Male
VPA DTI 2 27 Male

VPA, valproic acid; UE, unexposed; DTI, diffusion tensor imaging.
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suppress noise caused by vibration. The sample temperature was main-
tained at room temperature (23.0 �C� 0.5 �C) during imaging. T1-, T2-,
and diffusion-weighted images (DWI) of the ex vivo brain samples were
obtained on a 7-Tesla, 20-cm-bore MRI (BioSpec AVANCE-III, Bruker
Biospin, Ettlingen, Germany), with a volume resonator of 8.5-cm inner
diameter for transmission and an 8-channel phased array coil for recep-
tion (Bruker Biospin). The data obtained were reconstructed using Par-
aVision 5.1 (Bruker Biospin).

For T2-weighted and diffusion tensor imaging (DTI), we used a two-
dimensional (2D) spin-echo sequence with a motion probing gradient
(DtiStandard, Bruker Biospin) according to the following parameters:
repetition time (TR)¼ 6500ms; echo time (TE)¼ 26.6ms; field of view
(FOV)¼ 32.0� 32.0mm2; matrix size¼ 192� 192; number of sli-
ces¼ 11; slice thickness¼ 1.0mm; slice gap¼ 0; number of aver-
ages¼ 15; total scan time¼ 36 h 24min. We obtained one set of T2-
weighted images without the motion probing gradient as well as six
sets of DWI with different diffusion directions (δ¼ 7ms; Δ¼ 14ms; b-
value¼ 1000 s/mm2).

T1-weighted images were obtained using the modified driven equi-
librium Fourier transform sequence with the following parameters:
TR¼ 3000ms; TE¼ 4.2ms; echo repetition time¼ 13.8ms; number of
segments¼ 8; inversion delay¼ 975ms; FOV¼ 32.0� 32.0� 24.0mm3;
matrix size¼ 256� 256� 96; number of averages¼ 14; total scan
Fig. 1. Experimental schedule. The figure illustrates the experimental schedule
for producing and analyzing VPA marmosets. VPA was administered in utero at
E60-E66. For microarray and MRI analyses, brain samples of the VPA and UE
groups were obtained at P0-P4. Note that the same VPA treatment has induced
social cognition deficits in adulthood in previous studies (Yasue et al., 2015,
2018). VPA, valproic acid; UE, unexposed; E, Embryonic day; MRI, magnetic
resonance imaging; P, postnatal day.
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time¼ 8 h 57min. We computed color-encoded orientation and frac-
tional anisotropy (FA) maps using TracVis version 0.6.0.1 and Diffusion
Toolkit version 0.6.3, a set of data reconstruction tools distributed by
Wang and Van (Martinos Center, Massachusetts General Hospital, Bos-
ton, MA, USA). Two regions-of-interest, AC and CC, were detected at the
midsagittal plane of the FA maps.

2.4. Histology

Myelin staining was performed in 40-μm-thick parasagittal sections
taken from the neonatal marmosets. The sections were immersed in
0.005% Triton X-100 in 0.01M PB for 30min so that they remained
attached to gelatin-coated glass slides throughout the staining protocol.
Next, the sections were washed in 0.01M PB, mounted on the glass
slides, and dried overnight at 4 �C. Finally, they were stained for myelin
in accordance with the protocol of Larsen et al. (2003).

2.5. Data analysis

For data analysis of gene expression, we used Matlab 2017b (Math-
works, Inc., Natick, MA, USA). We compared gene expression levels be-
tween the VPA and UE groups; we used genes where >50% of the MAS5
signal detection calls were Present-call (McClintick and Edenberg, 2006).
If one gene symbol corresponded to multiple probes, we used the mean
value of all corresponding probes as the gene expression value. The
expression level for each gene symbol was compared between the VPA
and UE groups using Welch's t-test. The p-values were then corrected
using the Benjamini–Hochberg false discovery rate (BH-FDR) method
(Benjamini and Hochberg, 1995). Genes with p-values <0.01 and more
than 2-fold changes were selected for pathway analysis based on the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
(Kanehisa and Goto, 2000).

Imaging data analysis was performed using the following series of
semi-automatic procedures. (i) The FA maps were reconstructed into
high spatial resolution images (pixel size 0.05mm� 0.05mm) using a
beta-spline interpolation method. (ii) The edges of the midsagittal AC
and CC areas were defined using the Canny edge detection algorithm
(Gaussian filter parameter; σ¼ 0.75) (Canny, 1986; Pau et al., 2010). (iii)
The whole brain (WB) sizes were circulated from T1-weighted MR im-
ages using the same edge detection algorithm, without interpolation. (iv)
Statistical significance between the VPA and UE groups for size and FA
values of AC and CC, and the WB size were calculated using the Brun-
ner–Munzel test (BM test), a non-parametric studentized permutation
test (Brunner and Munzel, 2000). All analyses were performed using R
version 3.4.0 and its packages {biOps} version 0.2.1, {EBImage} version
4.12.2, and {lawstat} version 3.4.3.

3. Results

3.1. Downregulation of FZD3 and PIK3CA in the VPA group

We examined the influence of fetal VPA exposure on neonatal gene
transcription using custom-made microarrays; we reliably detected
transcript expression signals corresponding to 11,576 genes. Fig. 2A
shows a scatter plot comparing the gene transcription level between the
VPA and UE groups. No genes were significantly upregulated in the VPA
group. However, we found 20 genes that exhibited significantly lower
expression in the VPA group than in the UE group [red dots in Fig. 2A;
BH-FDR-corrected p-value <0.01; fold change (FC)> 2]. These included
one gene transcript (FZD3) downregulated more than 10-fold
(FC¼�11.63) and four gene transcripts (CHRM3, ZKSCAN1, PIK3CA,
and FAM76A) downregulated about 4-fold in the VPA group
(FC¼�4.02, �4.00, �3.85, and �3.65, respectively) (Table 2).

We then performed KEGG pathway analysis (Kanehisa and Goto,
2000) using 20 differentially expressed genes. The analysis revealed that
FZD3 and PIK3CA appeared on the axon guidance pathway



Table 2
Summary of the genes significantly downregulated in the VPA group.
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(Wnt-FZD-PIK3 pathway; Fig. 2C). Accordingly, we compared the
expression levels of FZD3 and PIK3CA between the VPA and UE groups
along with three well-known housekeeping genes — LMNB1, GAPDH,
and ACTB. We found that the expression levels of FZD3 and PIK3CAwere
consistently low in multiple VPA samples (p< 0.001), while those of
LMNB1, GAPDH, and ACTB remained unchanged. Using Welch's t-test
followed by Benjamini–Hochberg FDR multi-comparison correction, FCs
in the expression levels of LMNB1, GAPDH, and ACTB between the VPA
and UE groups were found to be �1.08, 1.05, and 1.27, respectively
(BH-FDR-corrected p-value¼ 1.00, for each) (Fig. 2B).

Together, our comprehensive gene expression analysis revealed that
two genes in the Wnt–FZD–PIK3 signaling pathway were largely down-
regulated in the VPA group. This signaling pathway mediates commis-
sural axon attraction and proper anterior–posterior pathfinding (Salinas
et al., 2008). Thus our results suggest that fetal VPA exposure may induce
abnormalities of commissural axons, such as AC and CC.
Gene
symbol

FC p-value Short description

FZD3 �11.63 0.0000108 frizzled homolog 3 (Drosophila)
CHRM3 �4.02 0.00965 cholinergic receptor, muscarinic 3
ZKSCAN1 �4 0.000518 zinc finger with KRAB and SCAN domains 1
PIK3CA �3.85 0.000816 phosphoinositide-3-kinase, catalytic, alpha

polypeptide
FAM76A �3.65 0.00151 family with sequence similarity 76,

member A
RGS7BP �3.43 0.00711 regulator of G-protein signaling 7 binding

protein
FAM130A2 �3.4 0.00322 family with sequence similarity 130,

member A2
CREB1 �3.33 0.00711 cAMP responsive element binding protein

1
ASAM �3.05 0.00448 adipocyte-specific adhesion molecule
SYT14 �3.05 0.000816 synaptotagmin XIV
RFX3 �2.95 0.00715 regulatory factor X, 3 (influences HLA class

II expression)
CCNT1 �2.89 0.00222 cyclin T1
ZNF566 �2.65 0.00923 zinc finger protein 566
DIMT1L �2.52 0.0000889 DIM1 dimethyladenosine transferase 1-like

(S. cerevisiae)
HOOK3 �2.42 0.00965 hook homolog 3 (Drosophila)
XK �2.21 0.00119 X-linked Kx blood group (McLeod

syndrome)
TSPAN5 �2.16 0.000974 tetraspanin 5
RCP9 �2.13 0.00812 calcitonin gene-related peptide-receptor

component protein
CCDC75 �2.08 0.000668 coiled-coil domain containing 75
FAM69A �2.04 0.00711 family with sequence similarity 69,

member A

VPA, valproic acid
3.2. Reduced AC size in the VPA group

Next, we examined structural abnormalities in AC and CC of VPA-
exposed neonates using DTI. We obtained DTI data from 16 fixed brain
samples at P2 (VPA: n¼ 7; UE: n¼ 9). As expected, both AC and CC were
clearly visible on the midsagittal plane in the color-encoded orientation
maps as high-diffusion areas along the left–right orientation (blue re-
gions in Fig. 3); they were successfully delineated by the Canny edge
detection algorithm on the midsagittal plane in the FA maps (Fig. 4A–C).
We measured the size of each area (Fig. 4D) and then individually
normalized it by the WB volume. The normalized AC area in the VPA
group appeared significantly smaller than that in the UE group (Fig. 4E;
median value: p-value¼ 0.041 with BM test, with BM statistic¼�2.27;
df¼ 12.77). By contrast, we observed no significant difference in the
normalized CC areas (Fig. 4E; p-value¼ 0.62) or in WB sizes between the
VPA and UE groups (Fig. 4F; p-value¼ 0.45 in the BM test). The between-
group mean FA values in both AC and CC were not significantly different
(Fig. 4G; AC: p-value¼ 0.53; CC: p-value¼ 0.96, both in the BM test). No
individual marmoset provided outlier data for more than one parameter
in the boxplots (Fig. 4E–G).

Finally, we performed myelin staining on sagittal sections in VPA and
UE marmosets. AC and CC in both groups were identified as non-stained
tissues, indicating that they were virtually nonmyelinated (Fig. 5, bot-
tom), which was in agreement with previous studies in rhesus monkeys
(LaMantia and Rakic, 1990, 1994). Despite careful processing, we were
unable to precisely cut the brain at the midsagittal plane while restoring
the shape of CC completely (Fig. 5, top), and therefore histological
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verification of the AC and CC sizes was not attempted. However, our
results suggest that DTI images provide a useful means for measuring
neonatal bilateral commissural structures.

4. Discussion

Many neuroimaging studies have reported disrupted functional and
structural connectivity in the social brain of ASD patients. Because ASD is
a neurodevelopmental disorder with early onset of symptoms, it is
important to identify neurostructural abnormalities at birth that might be
associated with social recognition deficits in later life. In this study, we
examined the neonatal brains of a marmoset ASD model that was
Fig. 2. Comparison of gene expression in VPA and UE
neonatal marmosets. (A) Scatter plot comparing gene expres-
sion between the VPA and UE groups. The x and y axes indi-
cate the mean intensity of gene expression in the UE and VPA
groups, respectively. Red dots represent genes that were
significantly downregulated (p < 0.01, BH-FDR corrected p-
value) and had FCs >2. (B) Expression levels of FZD3, PIK3CA,
and LMNB1 (control housekeeping gene; similar results were
obtained with other genes such as GAPDH and ACTB) in the
VPA and UE groups. The boxplot represents the median and
the first and third quartiles of the VPA (red) and UE groups
(black) (n ¼ 8 each; 4 subjects � 2 brain regions). ** p < 0.001
(significant difference); n.s., nonsignificant. (C) Illustration of
the Wnt-FZD3-PIK3 signaling pathway. Arrows indicate posi-
tive regulation, whereas the line ending with a bar indicates
negative regulation. The numbers below represent the mean
times decrease in the gene expression observed in the VPA
group. VPA, valproic acid; UE, unexposed; BH-FDR, Benjami-
ni–Hochberg false discovery rate; FC, fold change
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established to show social recognition deficits in adulthood. We
demonstrated that fetal VPA exposure decreases the expression levels of
two axon guidance related genes, FZD3 and PIK3CA, in parts of the
neonatal social brain (i.e., OFC and the inferior temporal cortex). DTI
analysis demonstrated that VPA exposure in utero significantly decreases
AC size, but not CC or WB size. In the following section, we first discuss
the technical considerations for DTI analysis, both the advantages and
limitations. We then discuss the relevance of these genetic and neuro-
structural signatures in neonatal marmosets with regard to findings of
previous studies on human neuroimaging and rodent ASD models, and
suggest the linkages to social cognitive dysfunction seen in adulthood.
4.1. Technical considerations, advantages, and limitations

The current study focused on the VPA-induced neurostructural ab-
normalities in AC and CC, the two major commissures connecting the
bilateral social brain. For this purpose, we performed DTI measurement on
fixed neonatal brain samples, visualizing macroscopic axonal organiza-
tions in neural tissues by referring towater anisotropic diffusion.We found
that the midsagittal AC areas, identified as high-diffusion areas, were
significantly decreased in VPA marmosets, while the mean FA values were
unchanged. In general, white matter FA values are regarded as reflecting
many factors including axonal counts and density, degree of myelination,
and fiber organization (Jelescu and Budde, 2017). Since AC and CC were
not yet myelinated at this early postnatal stage (cf. Fig. 5), the AC area
reduction in the VPA group may reflect abnormal axonal development,
presumably consisting of a decrease in the number of AC axons.
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Histological analysis using myelin staining provided information
regarding axonal maturation with fine resolution. However, it fails to
provide a quantitative measurement of nanostructures on the midsagittal
plane because of inevitable nonlinear distortion of brain sections due to
the staining process. In contrast, DTI offers visualization of the midsag-
ittal plane by simply adjusting the position and the angle of slices to the
brain sample in the console. Because the axon bundles at birth are
immature and not yet myelinated, we optimized the DTI sequence and
the sample conditions in order to enhance the weak diffusion signals. Our
original magnetic resonance sequence for a 7-Tesla scanner provided
diffusion weights with high spatial resolution (anterior–posterior and
dorsal–ventral axes, 166 μm/pixel; Fig. 3), which enabled us to qualify
the microstructures on the midsagittal plane. Our image–processing
pipeline, in combination with the Canny edge detection algorithm and
beta-spline interpolation, reliably detected both AC and CC, and thereby
performing segmentation automatically. We did not use contrast agents
like Fomblin (Liu et al., 2018; Sati et al., 2012), because their effects on
histological staining have not been fully examined. We measured fixed
brains in nonisometric voxels (resolution of left–right axis, 1 mm) for a
long total scan time (~45 h). Because of this limitation, we could not
extend our analysis to 3D tractography to examine other structural
connectivities, including hippocampal and habenular commissures.
While the DTI methodology needs to be improved in terms of
signal-to-noise ratio and scan time, in vivo longitudinal measurements of
structural connectivity are an attractive challenge for further analysis of
this marmoset model.
Fig. 3. AC and CC structures in DTI color-encoded
orientation maps of a neonatal marmoset brain. AC
(white arrowheads) and CC (yellow arrowheads) were
clearly visualized in sagittal slices of diffusion tensor
images at P2 in the common marmoset.
Figures represent the data from the midsagittal plane
(A) to the left side (F) in 1-mm-thick slices. Red,
green, and blue colors encode the orientation of
maximal diffusion along the anterior–posterior, dor-
sal–ventral, and left–right directions, respectively.
Scale bar ¼ 3 mm. AC, anterior commissure; CC,
corpus callosum; DTI, diffusion tensor imaging; P,
postnatal day



Fig. 4. Comparisons of AC and CC sizes in VPA and
UE neonatal marmosets. (A) Representative FA map in
the midsagittal plane. (B) Enlarged view of the boxed
region in (A). (C, D) Delineation of AC and CC areas
using the Canny edge detection algorithm. (E) Com-
parison of AC and CC sizes between the UE (black, n ¼
9) and VPA groups (red, n ¼ 7). AC and CC areas were
normalized individually by the WB size. The AC size
in the VPA group was significantly smaller than that in
the UE group (p < 0.05 in BM test for median value).
(F) Between-group comparison of the WB size. (G)
Between-group comparison of mean FA values for AC
and CC. AC, anterior commissure; CC, corpus cal-
losum; VPA, valproic acid; UE, unexposed; FA, frac-
tional anisotropy; BM, Brunner–Munzel; WB, whole
brain

Fig. 5. Sagittal sections of myelin staining of UE and VPA neonatal marmoset
brains. Representative low-magnification images of WB sections 0, 250, and 500
μm lateral from the midsagittal plane are shown from top to third row, while
high-magnification images focusing on the AC and CC areas are shown in the
bottom row. Scale bar ¼ 1 mm. UE, unexposed; VPA, valproic acid; WB, whole
brain; AC, anterior commissure; CC, corpus callosum
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4.2. VPA-induced genetic alterations associated with immature axonal
growth at birth

Fetal VPA exposure is a well-known risk factor for ASD in humans
(Christensen et al., 2013), and it is one of the most widely used models of
ASD (Roullet et al., 2013). Studies on rodent models have suggested that
rat pups exhibiting social interaction deficits in adulthood are produced
from dams exclusively treated with VPA at around embryonic day (E)12,
corresponding to neural tube closure (Kataoka et al., 2013; Kim et al.,
2011). VPA is a histone deacetylase inhibitor, meaning that it induces
broad and complex epigenetic alterations in exposed embryonic brain,
including abnormal processing on the axon guidance signaling proteins
ERK1/2 and PKC as well as canonical Wnt signaling proteins such as
GSK-3β (Go et al., 2012; Cohen et al., 2013). VPA exposure in E12.5 rats
also promotes neurite overgrowth and axonal over-regeneration in the
fetal brain (Zhang et al., 2018). However, the genetic mechanism that
links fetal VPA exposure and social brain pathologies underlying social
communication and interaction disabilities in adults remains unknown.

The marmoset VPA model used in this study, which consisted of dams
who were administered VPA on E60–E66 (Carnegie stage 11–15, corre-
sponding to the developmental stage of E12.5 rats; see Butler and Juur-
link, 2018), has demonstrated social recognition deficits in adulthood
(Yasue et al., 2015, 2018). The comprehensive gene expression analysis
of this study identified two genes on the axon guidance signaling
pathway, FZD3 and PIK3CA, which were largely downregulated in the
social brain of the neonatal VPA group. The Wnt–FZD–PIK3 signaling
pathway mediates commissural axon attraction and proper
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anterior–posterior pathfinding (Salinas et al., 2008). Studies on
FZD3-mutant mice have reported axonal growth deficits, such as misdi-
rection of commissural axons along the anterior–posterior axis and a loss,
or at least a significant reduction, of the main long-distance axons,
including AC and CC (Wolf et al., 2018; Wang et al., 2002, 2006; Hue
et al., 2014).

The current study also demonstrated that the size of AC, but not that
of CC, significantly decreases in VPA marmosets. Why is the AC pathway
specifically affected by the VPA treatment? One possibility is that the
VPA administration may affect the different stages in axonal growth of
AC and CC. Indeed, in the human embryo, AC begins to cross the midline
at E9–10 week, while CC begins to traverse the midline at E11–12 week
(Rakic and Yakovlev, 1968). Thus, fetal VPA exposure in primates may
alterWnt–FZD3–PIK3 signaling, leading to abnormal processing in axonal
growth and commissural guidance of AC specifically. The reduced AC
size in our VPA-exposed neonates at birth, therefore, might reflect
abnormal development or guidance of the axonal bundle.

4.3. Reduced AC size as a neurostructural abnormality signature leading to
social brain dysfunction

Adaptive social behavior, efficient social recognition, and communi-
cation all require rapid implementation of multiple high-order functions
such as face recognition, vocal communication, body motion recognition,
internal state estimation, and decision making (Adolphs, 2001). Hence,
social cognitive abilities depend on computations via distributed net-
works that connect the social brain (Wang and Olson, 2018). Social
cognitive skill impairment in ASD patients is probably due to a decrease
in the interhemispheric connections of the social brain responsible for
higher-order associations. This hypothesis is supported by functional
imaging studies on humans that demonstrate weak functional connec-
tivity across the two brain hemispheres in ASD patients as well as in
at-risk infants (Geschwind and Levitt, 2007; Wolff et al., 2015; Frazier
and Hardan, 2009; Dinstein et al., 2011). AC bilaterally connects the two
brain hemispheres, specifically the regions constituting a large part of the
social brain: OFC, temporal pole, temporal lobe including rostral superior
temporal region, superior temporal sulcus region, and amygdala (Amaral
et al., 2008; Brothers, 2002; Schmahmann and Pandya, 2006). In pri-
mates, AC is a relatively small axonal bundle compared with CC (per-
centage of CC size: humans, ~1%; macaques, ~5%; common marmosets,
~8%) (Foxman et al., 1986; this study). However, previous studies on AC
and CC lesions in monkeys have already suggested the relatively large
contribution of AC to interhemispheric processing; AC is responsible for
interhemispheric transfer of visual memory in monkeys (Sullivan, 1973).
It has also been shown that AC and CC lesions severely reduce inter-
hemispheric functional connectivity, but this effect is greatly mitigated if
AC is left intact (O'Reilly et al., 2013). In spite of the importance of AC for
interhemispheric functional connectivity in the social brain in primates,
AC has received little attention in the research on structural abnormality
in ASD patients.

As discussed in the previous section, our finding, reduced AC size of
VPA-exposed neonates at birth, might reflect abnormal growth or guid-
ance of the axonal bundle connecting a large part of the social brain. We
speculate that the reduction of bilateral anatomical connection at birth
may hamper the normal development of interhemispheric organization
of both cortico-cortical and cortico-subcortical structures, resulting in
social cognitive dysfunctions in later life. In fact, recent neuroimaging
study has demonstrated that, by 6 months of age, high-risk infants who
are classified as ASD later already display deficiencies in corticocortical
organization (Lewis et al., 2017), indicating that the neuropathology of
ASD surely arises at an earlier stage of life.

By contrast, fetal VPA exposure did not change the size of CC in
marmosets at birth. This might contradict the common view of structural
abnormalities in ASD patients, that is, a decreased mean CC size (Frazier
and Hardan, 2009). However, recent imaging studies have suggested that
the size of CC could, in fact, increase in ASD infants (6–24 months old)
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(Wolff et al., 2015; Travers et al., 2015); thus, it remains unclear just
when the atypical CC morphology of ASD first emerges. CC comprises
topographically organized microstructures (Schmahmann and Pandya,
2006), and partial structural alterations within CC have also been spec-
ified in ASD patients (Wolff et al., 2015). In the current study, however,
because of limited DTI resolution, partial CC sizes were not investigated;
future studies are required to assess the substructual abnormalities of CC
in this model.

In summary, the current findings—reduced AC size and axon guid-
ance signaling in VPA marmosets—may provide a novel risk factor of
ASD for weakening interhemispheric connections at birth, hampering
normal development of social brain function. Although a clear mecha-
nistic link remains missing, our results highlight the importance of future
research efforts in investigating the neuropathology of VPA model mar-
mosets, as well as neuroimaging analysis focusing on AC.

5. Conclusion

In this study, we demonstrated that fetal VPA exposure decreases the
expression of axon guidance signaling pathway genes in parts of the so-
cial brain of neonatal marmosets. This finding is consistent with previous
rodent models and highlights the critical contribution ofWnt–FZD3–PIK3
signaling to abnormal axon growth or guidance in the neonatal primate
brain. We also found a significant AC size reduction in the neonatal
marmoset VPA model. Since AC bilaterally connects the two brain
hemispheres, specifically the regions constituting the social brain (e.g.,
OFC and inferior temporal cortex), a diminishment of this axonal
connection in neonatal primates might be a critical neurostructural risk
factor hampering the development of normal social brain function.
Although the literature concerning ASD has focused little on AC, the
findings of this study might provide novel genetic and neurostructural
signatures at birth that could represent potential targets for early
intervention.
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