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The neurobiological basis of social dysfunction and the high male prevalence in autism spectrum
disorder (ASD) remain poorly understood. Although network alterations presumably underlie the
development of autistic-like behaviors, a clear pattern of connectivity differences specific to ASD has
not yet emerged. Because the heterogeneous nature of ASD hinders investigations in human subjects,
we explored brain connectivity in an etiologically homogenous rat model of ASD induced by exposure
to valproic acid (VPA) in utero. We performed partial correlation analysis of cross-sectional resting-state
18F-fluorodeoxyglucose positron emission tomography scans from VPA-exposed and control rats to
estimate metabolic connectivity and conducted canonical correlation analysis of metabolic activity and
behavior scores. VPA-treated rats exhibited impairments in social behaviors, and this difference was
more pronounced in male than female rats. Similarly, current analyses revealed sex-specific changes in
network connectivity and identified distinct alterations in the distributed metabolic activity patterns
associated with autistic-like social deficits. Specifically, diminished activity in the salience network and
enhanced activity in a cortico-cerebellar circuit correlated with the severity of social behavioral deficits.
Such metabolic connectivity features may represent neurobiological substrates of autistic-like behavior,
particularly in males, and may serve as a pathognomonic sign in the VPA rat model of ASD.

Autism spectrum disorder (ASD) is a lifelong neurodevelopmental disorder characterized by early-onset impair-
ments in social communication and social interaction'. ASD comprises a highly heterogeneous set of disorders,
with variable levels of functioning and comorbidity® This diversity poses a considerable challenge for accurate
diagnosis, especially in preverbal children®. ASD has a strong genetic heritability with complex inheritance*’. In
addition, many cases of ‘idiopathic’ ASD, have no known genetic causes and are likely affected by environmental
factors®. The heterogeneous nature of the origins of ASD complicates the neurobiological exploration of this dis-
order”®. Therefore, a well-controlled study in an etiologically homogeneous model of ASD would help mitigate
this complexity.

A strong male predominance has been observed in ASD; boys are diagnosed five times more frequently than
girls are. Sex-specific differences are thought to potentiate risk in males and/or attenuate risk in females induced
by genetic and environmental factors’. Alternatively, or in addition, the different prevalence between boys and
girls may arise from diagnostic biases!®!!. However, little attention has been paid to how ASD in males differs
from those in females, particularly how differences in neurobiology may underlie differences in behavior.
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In order to help identify the neurobiological basis of ASD, particularly with regard to variability in social inter-
actions and sex-specific manifestations, we explored the correlation between behaviors and specific alterations in
neuronal connectivity in the rat model of ASD induced by prenatal exposure to valproic acid (VPA). VPA is one
of the most commonly prescribed teratogenic drugs in women of child-bearing potential and prenatal exposure
to VPA is known to be associated with an increased risk of ASD in humans'*"'%. Rats prenatally exposed to VPA
displayed reduced social interactions, increased repetitive/stereotyped behaviors, and early signs of neurodevel-
opmental delay'®. Previous animal studies also reported that VPA induced more extensive behavioral and molec-
ular alterations in males than in females'®!”. However, most previous studies have focused primarily on males,
thus a clear understanding of sex differences has not emerged'®.

In the present study, we regarded ASD as a disorder of abnormal neural connectivity'®-*!, and examined alter-
ations in inter-regional connectivity across the entire brain in the VPA rat model of ASD. A growing body of evi-
dence supports the notion that ASD is associated with altered brain connectivity?>*. Although decreases in white
matter integrity and impaired long-range connectivity have been reported in humans with ASD?*?, prior studies
frequently describe inconsistent findings and even contradictory results*>?¢. Thus, the connectivity changes asso-
ciated with ASD and their relation to the behavioral phenotypes are still uncertain?-2%. The VPA rat model miti-
gates the aforementioned influences of heterogeneous causality, and thereby provides an opportunity to reveal a
more direct link between behavioral manifestations of ASD and changes in brain connectivity.

Among the plethora of methods for analyzing brain connectivity, we evaluated alterations in brain meta-
bolic connectivity of VPA-treated and control rats using resting-state 18F-fluorodeoxyglucose (FDG) positron
emission tomography (PET). Recent investigations regarding brain circuitry have begun to utilize resting-state
functional connectivity mapping with functional magnetic resonance imaging (fMRI) in animals*. However,
unlike studies involving humans, animal studies using resting-state fMRI inevitably require sedation of animals,
which limits exploration of awake resting-state functional connectivity®. In contrast, '*F-FDG uptake reflects
activity in the awake state since animals are sedated only after the completion of '*F-FDG distribution during the
resting state. Furthermore, regional 8F-FDG uptake can be considered a more direct measure of neuronal activity
than blood oxygenation level dependent signals in fMRI, as neurons exhibit preferential uptake of glucose in an
activity-dependent manner?'. Although 'F-FDG PET images do not provide time series data for the conventional
evaluation of functional connectivity, introduction of cross-sectional analysis of '¥F-FDG PET imaging allows
researchers to evaluate between-group differences in both regional activity and connectivity®?.

We first isolated spatially independent nodes of '®F-FDG uptake using cross-sectional independent compo-
nent analysis (ICA). We then examined univariate changes in the weights (hereafter referred to as the activity of
each component) of the independent metabolic spatial components (IC) associated with VPA exposure. Then, we
evaluated metabolic connectivity between pairs of nodes based on measures of metabolic activity and explored
group differences in metabolic connectivity among components using a group-level partial correlation analysis
of IC activity in the rat brain®**,

Because VPA treatment results in varying degrees of behavioral deficits on tests of social interaction, we eval-
uated whether specific changes in distributed metabolic activity correlate with the magnitude of deficits in social
behavior. By doing so, we tried to reveal the neurobiological underpinnings of social functioning. Finally, we
explored how sex differences modulate the effects of VPA treatment on social behavior and metabolic connectiv-
ity. Although the male predominance in ASD is well known, and VPA affects social behaviors differently by sex®,
the neurobiological mechanism underlying the male predominance is not yet clear®. By analyzing brain metab-
olism and connectivity between metabolic nodes using I8BE_FDG PET, we thus aimed to reveal a link between
reduced performance on the social interaction test and the sex-specific neurobiological alterations observed in
the VPA-induced rat model of ASD.

19-21

Results

Three-chamber social approach test. In the sociability test, a two-way analysis of variance (ANOVA)
indicated no significant main effects of VPA treatment or sex on the time spent with the first stranger (S1) (VPA
treatment, F, ,;=1.20, P=0.28; sex, F, ;3 =1.33, P=0.26) or an empty wire cage presented as a novel object (O)
(VPA treatment, F, ;;=1.78, P=0.19; sex, F, ;3 =0.03, P=0.86). All rats preferred exploring S1 to exploring O,
irrespective of VPA treatment or sex: time spent with S1, control male, n=17, 121.02 £ 10.12 seconds; VPA-treated
male, n=22, 121.60 4 8.05 seconds; control female, n =19, 120.96 & 15.69 seconds; and VPA-treated female, n=19,
95.62 £ 10.27 seconds; time spent with O, control male, 32.50 £ 6.13 seconds; VPA-treated male, 40.60 & 6.58 sec-
onds; control female, 31.71 4-5.84 seconds; and VPA-treated female, 39.29 + 4.27 seconds. When we calculated the
time difference between S1 and O (calculated as [(time spent with S1 - time spent with O) over (time spent with
S1-+time spent with O)]), we found that VPA-treated female rats exhibited significant reduction in time difference
than controls (VPA-treated female, 0.40 = 0.04; control female, 0.60 & 0.04; P=0.002) (Fig. 1A).

In the social novelty preference test, a two-way ANOVA revealed significant main effects of VPA treatment
(F,,3=4.76,P=0.03) and sex (F, ;5 =18.76, P < 0.001) with an interaction between these factors (F, ;;=5.01,
P =0.03) on the time spent with the second stranger (S2). VPA-treated male rats (88.70 & 9.39 seconds) spent less
time with S2 than did control male rats (142.24 4+ 21.07 seconds) (P =0.002); yet, both groups of male rats main-
tained preference for S2 over S1 (control male, 60.60 &= 7.49 seconds; and VPA-treated male, 54.67 £ 6.56 seconds),
regardless of treatment. Whereas, no female rats showed preference for S2 over S1 irrespective of VPA treatment:
time spent with S2, control female, 62.65 + 8.88 seconds; and VPA-treated female, 63.34 + 6.86 seconds; time
spent with S1, control female, 58.66 & 8.88 seconds; and VPA-treated female, 63.17 & 8.39 seconds (Fig. 1B).

Activity analysis of independent components. ICA revealed 38 components (Fig. 2). A two-way
ANOVA of IC weights (metabolic activity) showed a significant main effect for VPA treatment in three inde-
pendent components: the left caudoputamen (IC29, F, ;;=14.92, P < 0.001), olfactory bulb (IC37, F, ;;=14.13,
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Figure 1. Sociability and social novelty preference test. (A) Sociability test. No group difference was found. (B)
Social novelty preference test. VPA-exposed male rats spent less time with S2 than did control male rats. Data
are represented as mean &= SEM. VPA, valproic acid; O, object; S1, stranger 1; S2, stranger 2; SEM, standard error
of the mean. **P < 0.01, ***P < 0.001.

P <0.001), and thalamus (IC3, F, ;3= 10.87, P=0.002). Significance sex differences were seen in six independ-
ent components: the visual cortex (IC5, F, ;;=19.40, P <0.001), medulla (IC2, F, ;3 =14.48, P < 0.001), inferior
colliculus, left motor cortex, and left orbitofrontal cortex (IC4, F, ;;=12.17, P < 0.001), somatosensory cortex
and cerebellum (IC8, F, ;3 =9.02, P=0.004), left superior and inferior colliculi, and retrosplenial cortex (IC11,
F,,;=28.35, P=0.005), and somatosensory cortex (IC13, F, ;;=28.17, P =0.006). No significant interaction
between the influence of VPA treatment and sex was found on metabolic activity.

FDR-corrected post hoc permutation t-tests revealed that the metabolic activity in the independent com-
ponents encompassing the olfactory bulb (IC37, P < 0.001), and thalamus (IC3, P =0.001) was significantly
decreased in subjects with VPA treatment compared to controls (Fig. 3A); whereas, the metabolic activity in the
left caudoputamen (IC29, P < 0.001) was significantly increased in subjects with VPA treatment compared to
controls (Fig. 3B). The metabolic activity in the visual cortex (IC5, P < 0.001), medulla (IC2, P < 0.001), inferior
colliculus (IC4, P < 0.001), cerebellum (IC8, P=0.001), left superior and inferior colliculi, and retrosplenial cor-
tex (IC11, P=0.002), and somatosensory cortex (IC13, P=0.003) was significantly decreased in males compared
to females (Fig. 3C). In contrast, the metabolic activity in the left motor cortex, and left orbitofrontal cortex (IC4,
P <0.001), and somatosensory cortex (IC8, P =0.001) was significantly increased in males compared to females
(Fig. 3D, Table 1).

Connectivity estimated by sparse inverse covariance estimation. To examine the possible influ-
ence of VPA exposure on metabolic connectivity, we estimated partial-correlation matrices of IC weights using
sparse inverse covariance estimation (SICE). Connectivity between four pairs of components, or ICA networks,
were significantly weaker in rats exposed to VPA treatment: olfactory bulb (IC38) and left nucleus accumbens
(IC24) (VPA-treated, 8 = 0; control,  =0.04; P < 0.001); somatosensory cortex (IC30) and insular cortex, and
motor cortex (IC35) (VPA-treated, 8 = 0; control, 6 = 0.53; P < 0.001); olfactory bulb (IC38) and medulla (IC2)
(VPA-treated, = 0; control, 0 =0.28; P =0.003); and cerebellum (IC1) and left nucleus accumbens (1C24)
(VPA-treated, § = 0; control, § = 0.23; P = 0.005). Connectivity between one pair of components, or ICA network,
was significantly stronger in rats exposed to VPA treatment: olfactory bulb (IC38) and orbitofrontal cortex, and
cerebellum (IC10) (VPA-treated, § = 0.33; control, § = 0; P < 0.001) (Fig. 4A).

We also assessed sex-specific changes in brain connectivity. Three ICA networks, or component pairs, were
significantly weaker in males compared to females: visual cortex (IC5) and auditory cortex (IC12) (males, § = 0;
females, § =0.61; P < 0.001); right orbitofrontal cortex, and right caudoputamen (IC26) and caudoputamen, and
left olfactory bulb (IC28) (males, d = 0; females, § = 0.56; P =0.003); and right olfactory bulb, and right cau-
doputamen (IC14) and cingulate cortex, and left cerebellum (IC15) (males, 6 =0; females, 6 = 0.62; P=0.004). No
ICA network was significantly stronger in males compared to females (Fig. 4B).

The SICE analysis also revealed significant interactions between VPA treatment and sex on brain connectivity.
In three ICA networks, connections were less increased in males than in females by VPA treatment: retrosplenial
cortex (IC17) and right nucleus accumbens, and right orbitofrontal cortex (IC25) (males, = 0; females, § =0.55;
P =0.003); visual cortex (IC5) and cingulate cortex, and left cerebellum (IC15) (males, § =0; females, 0 =0.32;
P =0.005); and left superior and inferior colliculi, and retrosplenial cortex (IC11) and caudoputamen, and left
olfactory bulb (IC28) (males, 0 =0; females, § = 0.40; P=0.01). In two ICA networks, connections were more
increased in males than in females by VPA treatment: anterodorsal hippocampus (IC6) and caudoputamen
(IC21) (males, § = 0.43; females, 6 = 0; P < 0.001); and medulla (IC2) and insular cortex, and motor cortex (IC35)
(males, §=0.31; females, 0 =0; P < 0.001) (Fig. 4C, Table 2).

As a reference, the same evaluations were conducted with Pearson correlation of all pairs of IC weights.
Permutation testing of Pearson correlation matrices revealed that no connection was significantly affected by
VPA treatment or sex at a FDR threshold of 0.05. There was no significant interaction between VPA treatment
and sex on connectivity as assessed by Pearson’s correlation.
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Figure 2. Spatial distribution of independent components. Each component is shown in sagittal (left),
transverse (middle), and coronal (right) planes. In each component, regions with intensities greater than

two standard deviations from the mean are highlighted. Red indicates regions with positive values, and blue
indicates regions with negative values. Independent components included in the connectivity estimation are
listed in the following. IC1, positive: cerebellum, both; IC2, positive: medulla, both; IC3, positive: thalamus,
both; IC4, positive: inferior colliculus, both; IC4, negative: motor cortex, left, and orbitofrontal cortex, left; IC5,
positive: visual cortex, both; IC6, positive: anterodorsal hippocampus, both; IC7, positive: ventral tegmental
area, both, and hypothalamus, both; IC8, positive: somatosensory cortex, both; IC8, negative: cerebellum, both;
ICY, positive: somatosensory cortex, both; IC10, positive: orbitofrontal cortex, both, and cerebellum, both;
IC11, positive: superior colliculus and inferior colliculus, left, and retrosplenial cortex, both; IC12, positive:
auditory cortex, both; IC13, positive: somatosensory cortex, both; IC14, positive: olfactory bulb, right, and
caudoputamen, right; IC15, positive: cingulate cortex, both; IC15, negative: cerebellum, left; IC16, positive:
somatosensory cortex, both; IC16, negative: superior colliculus, left; IC17, positive: retrosplenial cortex, both;
IC18, positive: entorhinal cortex, both; IC19, positive: amygdala, left, caudoputamen, left, and visual cortex,
left; IC19, negative: thalamus, left; IC20, positive: cingulate cortex, both; IC21, positive: caudoputamen,

both; IC22, positive: thalamus, both; IC23, positive: nucleus accumbens, right, and cerebellum, right; IC23,
negative: somatosensory cortex, right, orbitofrontal cortex, left, and insular cortex, left; IC24, positive: nucleus
accumbens, left; IC25, positive: nucleus accumbens, right; IC25, negative: orbitofrontal cortex, right; IC26,
positive: orbitofrontal cortex, right, and caudoputamen, right; IC27, positive: orbitofrontal cortex, both, and
entorhinal cortex, right; IC27, negative: olfactory bulb, right, and medial prefrontal cortex, right; IC28, positive:
caudoputamen, both; IC28, negative: olfactory bulb, left; IC29, positive: caudoputamen, left; IC30, negative:
somatosensory cortex, both; IC31, positive: olfactory bulb, both, and entorhinal cortex, right; IC31, negative:
inferior colliculus, right; IC32, positive: motor cortex, right; IC33, positive: insular cortex, both; IC33, negative:
retrosplenial cortex, right; IC34, positive: medial prefrontal cortex, left, cingulate cortex, left, and orbitofrontal
cortex, right; IC34, negative: hypothalamus, left; IC35, positive: insular cortex, both, and motor cortex, both;
IC36, positive: olfactory bulb, both; IC37, positive: olfactory bulb, both; IC38, positive: olfactory bulb, both. IC,
independent component.
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Figure 3. Activity changes induced by prenatal VPA exposure and the interaction with sex. (A) Regions with
decreased activity in the group exposed to prenatal VPA. (B) Regions with increased activity in the group
exposed to prenatal VPA. (C) Regions where activity decreased more in males than in females. (D) Regions
where activity increased more in males than in females. Each component is shown in transverse plane. Red
indicates regions with positive values, and blue indicates regions with negative values. VPA, valproic acid; IC,
independent component; V, valproic-acid treated; C, control; M, male; F, female. **P < 0.01, ***P < 0.001.

Sparse canonical correlation analysis. A significant canonical covariate that modeled the relationship
between behavioral parameters and sparse metabolic networks emerged from the sparse canonical correla-
tion analysis. The behavioral parameters favoring social interactions (0.91 x [time spent with S1 in sociability
test] 4 0.42 X [time spent with S2 in social novelty preference test]) were significantly correlated with a specific
combination of three distributed metabolic activity patterns (r=0.60, P < 0.001). Normal social behavior was
positively correlated with activity in the insular cortex and motor cortex (IC35) (4-0.66), ventral tegmental area
and hypothalamus (IC7) (+0.03), and was negatively correlated with activity in the cerebellum (IC1) (—0.75)
(Fig. 5).

Figure 6 summarizes the main findings from the current study. (A) VPA exposure in utero is associated with 1)
decreased metabolism in the olfactory bulb (IC37) and thalamus (IC3), and increased metabolic activity in the left
caudoputamen (IC29); 2) diminished connectivity between the insular (IC35) and somatosensory cortex (IC30),
between the olfactory bulb (IC38) and both the nucleus accumbens (IC24) and medulla (IC2), and between the
cerebellum (IC1) and nucleus accumbens (IC24); and, 3) enhanced connectivity between the orbitofrontal cortex
(IC10) and olfactory bulb (IC38). Activity in the insular cortex (IC35), hypothalamus, and ventral tegmental
area (IC7) positively correlated with measures of normal social behavior; whereas, diminished activity in the
cerebellum (IC1) correlated with normal social behavior. (B) Significant interactions between VPA exposure and
sex only emerged by examining metabolic connectivity, rather than metabolic activity. VPA exposure increased
the connections between the components associated with the retrosplenial cortex (IC11 and 17), and both the
orbitofrontal cortex (IC25a) and nucleus accumbens (IC25b), and olfactory bulb (IC28a) and caudoputamen
(IC28b) less in males compared to females. VPA exposure also increased the connectivity between the visual cor-
tex (IC5), and the component that includes both the cingulate cortex (IC15a) and cerebellum (IC15b) to a lesser
extent in males than in females. Whereas, VPA exposure was associated with enhanced connectivity between the
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1C Activity P
Decreased by VPA treatment VPA-treated | Control

Olfactory bulb (IC37) —0.124+0.02 | —0.044+0.02 | <0.001
Thalamus (IC3) 0.07+0.01 0.1140.01 0.002
Increased by VPA treatment VPA-treated | Control
Caudoputamen, left (IC29) 0.07+0.01 0.01+0.01 <0.001
Decreased in males Male Female

Visual cortex (IC5) —0.15+0.02 | —0.05+0.01 | <0.001
Medulla (IC2) —0.164+0.01 | —0.084+0.02 | <0.001
Inferior colliculus (IC4) —0.06+0.01 | 0.00+0.01 <0.001
Cerebellum (IC8) —0.2940.02 | —0.214+0.01 | 0.002
Superior colliculus and inferior colliculus, left and retrosplenial cortex (IC11) | —0.05+0.01 | 0.00+0.01 0.005
Somatosensory cortex (IC13) 0.05+0.02 0.13+0.01 0.004
Increased in males Male Female

Motor cortex, left and orbitofrontal cortex, left (IC4) 0.06+0.01 0.0040.01 <0.001
Somatosensory cortex (IC8) 0.29+0.02 0.21+0.01 0.002

Table 1. Significant effects of prenatal VPA exposure and sex on the activity of independent components in
rats. A FDR < 0.05 was considered as statistically significant. VPA, valproic acid; IC. Independent component.

components encompassing the anterodorsal hippocampus (IC6) and caudoputamen (IC21) to a greater extent in
males compared to females. VPA exposure also increased the connections between the medulla (IC2) and insular
cortex (IC35) to a greater extent in males than in females.

Discussion

The pathophysiology of ASD, a behaviorally defined heterogeneous disorder, remains elusive. Many neuroimag-
ing efforts aimed at identifying commonalities in patients with ASD are hampered by the diverse manifestations
of the disease. Thus, we focused on a homogeneous type of ASD induced by prenatal exposure to VPA. We
hypothesized that, under the controlled condition of VPA exposure, alterations in brain metabolism and net-
works of metabolic connectivity would provide insight into the neurobiological basis of ASD. We also explored
sex-specific changes both in behavior and in the connectivity between metabolic nodes following VPA treatment.

VPA treatment results in sex-specific impairments in social interaction.  Similar to other studies
that have examined autistic-like behavior induced by VPA exposure, our findings are sex specific'®. When we used
sniffing time as a measure for social interaction (sociability and social novelty preference)?, male VPA rats exhib-
ited impaired preference for a novel rat (S2) compared to a familiar rat (S1) relative to control rats. In contrast to
male VPA rats, female VPA rats did not show any significant difference in the social novelty preference test, but
they showed preference to an empty wire cage (O) compared to control rats in the sociability test.

Contrary to the general population, where ASD is four to five times more common in males than females,
studies on the prevalence of ASD in children prenatally exposed to VPA have reported a more even male to
female ratio’?. A later study also confirmed that the sex ratio (males to females) of ASD differed between the
population exposed to valproate (2.4 males to 1 female) as compared to those not exposed to valproate (4.4
males to 1 female), suggesting that females may share a more equivalent vulnerability to this particular etiology".
Similarly, in rodents, prenatal exposure to VPA induces the autistic-like phenotype with a similar incidence in
both sexes®*%. However, subtle differences between the sexes were observed in the behavioral and cellular altera-
tions. Although female mice exposed to VPA on day 12.5 of gestation demonstrated similar behavioral changes to
males on measures of anxiety, measure of sociability differed between the sexes. Both females and males exposed
to VPA spent more time in the periphery of the field in the open field test and preferred the enclosed arms in
the elevated plus maze test compared to non-exposed age matched controls. However, unlike the VPA exposed
males that generally ignored an age-matched stranger mouse, VPA exposed females spent more time sniffing
the stranger mouse®’. The anatomical distribution of CNS cell loss differed between the sexes as well. Although
Nissl-positive cell loss in the prefrontal cortex was observed in both males and females exposed to VPA, cell
loss in the somatosensory cortex was only detected in male rats®*®. Another study also identified that, although
both male and female mice exposed to VPA exhibited increased repetitive/stereotypic-like activity and had a
decreased IFN-~/IL-10 ratio, only the male mice also displayed a lower sensitivity to pain and a decreased level
of social interactions'®. In line with these results, we also observed less pronounced behavioral alterations in
VPA-exposed female rats, as the two groups of female rats did not behave significantly differently in the social
novelty preference test. As social interaction is mediated by olfaction®, an olfactory deficit might have affected the
results of the social interaction test'>*. However, both groups of female rats displayed significant preference for
stranger 1 over a novel object, suggesting that the female rats maintained their ability to recognize a conspecific
and therefore that an olfactory deficit does not explain their indifference to stranger 2 versus stranger 1. These
sex-specific behavioral findings are consistent with those of previous reports suggesting that the core symptoms
of ASD manifest differently in males as compared to females*'. Although precisely how VPA induces sex-specific
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Figure 4. Connectivity changes induced by prenatal VPA exposure and the interaction with sex, as estimated
by sparse inverse covariance estimation. (A) The main effect of VPA exposure: the blue line indicates the
connections weakened by VPA treatment, while the red line indicates the connections strengthened by VPA
treatment. (B) The main effect of sex: the blue line indicates connections that were weaker in males than
females. (C) The interaction effect between VPA exposure and sex: the blue line indicates areas with less
pronounced connectivity increases in males when compared to females following VPA exposure, while the red
line indicates more pronounced increases in connectivity in males when compared to females following VPA
treatment. The activity in the IC1* (the cerebellum) and IC35* (the insula) were correlated with autistic-like
behavior in Fig. 5. Each component is shown in transverse plane. Line thickness and the corresponding number
indicate the relative strength (0, estimated partial correlation coefficient) of the connections. Only the
connections with a FDR < 0.05 were shown. VPA, valproic acid; IC, independent component.

ociability test

w

0.91

(81 82\

Social novelty preference test

0.42

Figure 5. Spatial patterns associated with normal social behavior revealed by sparse canonical correlation
analysis. Normal social behavior was positively correlated with activity in the insular cortex and motor cortex
(IC35), as well as that in the ventral tegmental area and hypothalamus (IC7), and negatively correlated with
activity in the cerebellum (IC1). The relative contribution of each behavior or IC is shown in numbers. The
number in red indicates positive correlation, and the number in blue indicates negative correlation. Each
component is shown in sagittal (left), transverse (middle), and coronal (right) planes. IC, independent
component.

behavioral changes remains unclear, these changes may be associated with sex-dependent alterations in metabolic
connectivity, as discussed in the following section.

VPA treatment changes metabolic activity and connectivity. As mentioned before, neuroimag-
ing studies in ASD report diverse findings and definitive neural correlates of ASD have not yet been identified.
Among the few studies that have investigated resting-state brain glucose metabolism in humans with ASD, no
consensus has emerged. Indeed, some studies have observed no differences between patients with ASD and con-
trols*, while others have reported fewer positive correlations between frontal and parietal regions* or widespread
hypermetabolism in individuals with ASD*!. These studies are mostly based on regional metabolic differences,
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Connectivity Strength P
Decreased by VPA treatment VPA-treated | Control

Olfactory bulb (IC38) < nucleus accumbens, left (IC24) 0 0.04 <0.001
(S;)Crr;t)osensory cortex (IC30) < insular cortex, and motor cortex 0 0.53 <0.001
Olfactory bulb (IC38) < medulla (IC2) 0 0.28 0.003
Cerebellum (IC1) <> nucleus accumbens, left (IC24) 0 0.23 0.005
Increased by VPA treatment VPA-treated | Control

Olfactory bulb (IC38) < orbitofrontal cortex, and cerebellum (IC10) | 0.33 0 <0.001
Decreased in males Male Female

Visual cortex (IC5) «- auditory cortex (IC12) 0 0.61 <0.001
Orbitofrontal cortex, right, and caudoputamen, right 0 0.56 0.003
(IC26) <> caudoputamen, and olfactory bulb, left (IC28)

Olfactory bulb, right, and caudoputamen, right (IC14) < cingulate 0 0.62 0.004
cortex, and cerebellum, left (IC15)

More increased in males than in females by VPA treatment: [(male — Male Female

female) x (VPA-treated - control)]

Anterodorsal hippocampus (IC6) <= caudoputamen (IC21) 0.43 0 <0.001
Medulla (IC2) < insular cortex, and motor cortex (IC35) 0.31 0 <0.001
L:ewzzsi;i I:X_r;eaﬂl;z ;h_acr:) :lr;rt;lr)riules by VPA treatment: [(female Male Female
Ret'rosplenial cortex (¥C17) — nucleus accumbens, right, and 0 0.55 0.003
orbitofrontal cortex, right (IC25)

Visual cortex (IC5) < cingulate cortex, and cerebellum, left (IC15) 0 0.32 0.005
Superior and inferior colliculus, left, and retrosplenial cortex 0 0.40 0.01
(IC11) <> caudoputamen, and olfactory bulb, left (IC28)

Table 2. Effects of prenatal VPA exposure and sex on brain connectivity in rats estimated by sparse inverse
covariance estimation. A FDR <0.05 was considered as statistically significant. VPA, valproic acid; IC.
Independent component.

with the exception of one exploration of resting-state metabolic connectivity in humans with ASD*. That study
used correlation analysis to estimate the metabolic connectivity among frontal cortices, parietal cortices, and sub-
cortical structures, and reported that patients with ASD showed impaired interactions between frontal/parietal
regions and the neostriatum and thalamus.

In this study, we used ICA analysis to examine alterations in cross-sectional metabolic networks, which pro-
vides a data-driven parcellation of brain regions and their activities (represented in the form of IC weights). This
method is widely accepted in neuroimaging communities since it represents functional or biological clusters
better than structurally defined region of interests*.

ICA analysis revealed that VPA treatment decreased activity (IC weight) in the olfactory bulb (IC37) and
thalamus (IC3), and increased activity in the left caudoputamen (IC29) in both male and female rats. Evidence
from clinical and preclinical studies implicate these brain regions in the pathophysiology of ASD. The details of
how our findings might relate to previous work is addressed in the following section.

Olfaction supports many aspects of social behavior in rats, from maternal care, to reproduction. Diminished
function of the olfactory system has been implicated in both rats and humans with ASD. Previous research
has reported that the olfaction induced nest-seeking response is delayed in male VPA rats'®. In humans, chil-
dren with ASD show little preference for pleasant over unpleasant odors, in contrast to that observed for
typically-developing children®. Increasing evidence supports the idea that social chemo-signaling is an impor-
tant mediator of social interaction in both humans and rodents, as olfaction fundamentally influences social
behaviors**’.

Longitudinal studies have shown that an increase in the growth rate of the caudate nucleus in the striatum is
correlated with repetitive behavior in humans with ASD***. Right caudate volume has also been implicated in
repetitive behaviors in ASD*. The increased activity observed in the caudoputamen of VPA rats in the present
study is consistent with these observations.

The thalamus and connectivity between the thalamus and other brain regions have also been implicated in
ASD. Effective thalamocortical connectivity®!, thalamocortical interactions during auditory processing®, and
thalamus mediated sensory processing® have all been associated with ASD.

VPA treatment affected not only the regional activity but also connectivity between regions. Although overlap
between activity and connectivity changes due to VPA treatment occurred, regions in which alterations in con-
nectivity were observed were not identical to those in which alterations in activity were observed. VPA treatment
weakened connectivity between regions involved in social recognition and reward (olfactory bulb (IC38) and in
the nucleus accumbens (IC24)), as well as that involved in salience processing and interoception (somatosensory
cortex (IC30) and in the insular cortex (IC35)). The salience network processes multiple stimuli perceived by the
brain and presumably determines the relevancy of a stimulus in order to respond with an appropriate display of
behaviors. The insular cortex plays a central role in salience processing® and previous research has indicated that
the anterior part of the insular cortex interprets the state of the organism by integrating external sensory cues
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© Increased activity
© Decreased activity

v Positively correlated with
“ autistic-like behavior

{3 Negatively correlated with
autistic-like behavior

«—— Increased connectivity
«—— Decreased connectivity

«—— More increased
connectivity in males
than in females

«—— Less increased
connectivity in males
than in females

Figure 6. Activity and connectivity changes induced by prenatal VPA exposure, and brain regions associated
with normal social behavior (A) and the effect of VPA exposure on sex (B). (A) The main effects of VPA
exposure and the results from sparse canonical correlation analysis are shown. The blue circle indicates the
regions with diminished activity in the group exposed to prenatal VPA, while the red circle indicates the
regions with increased activity in the VPA exposed group. The blue line indicates the connections weakened
in the group exposed to VPA, while the red line indicates the connections strengthened in the VPA exposed
group. Line thickness indicates the relative strength of the connections. The blue dashed circle indicates the
regions positively correlated with normal social behavior, while the red dashed circle indicates the regions
negatively correlated with normal social behavior. (B) Interaction on connectivity between VPA exposure and
sex are displayed. The red line indicates the connections more strengthened in males than in females when
exposed to VPA, while the blue line indicates the connections less increased in males than in females by VPA
exposure. VPA, valproic acid; IC, independent component; NAc, nucleus accumbens; CB, cerebellum; CG,
cingulate cortex; CP, caudoputamen; HA, anterodorsal hippocampus; HY, hypothalamus; IC, inferior colliculus;
INS, insular cortex; MB, midbrain; OB, olfactory bulb; OF, orbitofrontal cortex; RSP, retrosplenial cortex; SC,
superior colliculus; SS, somatosensory cortex; TH, thalamus; VIS, visual cortex; VTA, ventral tegmental area.

with internal bodily sensations®>°°. The insular cortex has extensive structural connections with the amygdala,
orbitofrontal cortex, olfactory cortex, anterior cingulate cortex, and superior temporal sulcus®”%. In particular,
the activity of the insular cortex, often together with activity in the amygdala, provides interoceptive awareness,
as well as bodily perceptions of external stimuli**®. Impaired interoception may be an underlying deficit that
precedes other manifestation of ASD in humans, such as theory of mind and social communication®’.

Another subcortical node of the salience network is the nucleus accumbens/ventral tegmental area, which
plays an important role in reward prediction®. The nucleus accumbens plays a crucial role in processing social
information via dopamine reward circuitry, and diminished saliency of social stimuli is associated with ASD
in humans® as well as abnormal social information processing®. Previous studies have revealed that altered
salience network connectivity or reduced salience network integrity is associated with the core symptoms of
ASD®>%6, Impaired salience processing of social and interoceptive stimuli may serve as a pathognomonic sign in
VPA-induced rat model of ASD.

Connectivity among the olfactory bulb (IC38), orbitofrontal cortex, and cerebellum (IC10) was paradoxically
strengthened by VPA treatment. These regions have also been implicated in the pathophysiology of ASD. A pre-
vious report suggested that abnormal face detection by the superior colliculus and impaired emotion processing
by the orbitofrontal cortex also contribute to abnormal social processing in patients with ASD®’.

Variations in the autistic-like behavior score were associated with distributed metabolic activ-
ity patterns. Not all animals exposed to VPA treatment in utero exhibited autistic-like behaviors. The heter-
ogeneity of both behavioral manifestations and changes in metabolic distribution requires an integrated analytic
approach that combines behavioral and metabolic measures into a single, comprehensive multivariate analysis.
Thus, we used sparse canonical correlation analysis (SCCA) to link behavioral measures with specific patterns of
metabolic activity. SCCA maximizes the correlation between behavioral and metabolic variables while minimiz-
ing the number of variables used in both sets®®.

SCCA identified that normal social interaction was correlated with specific distributed brain activity patterns:
a positive correlation existed between normal social behavior and increased metabolic activity in the salience
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network and related structures (IC35 and IC7), and negative correlation was seen between normal social behavior
and increased metabolic activity in the cerebellum component (IC1).

As discussed earlier, the salience network (IC35) attends to behaviorally relevant stimuli and initiates appro-
priate responses to these stimuli®. Consistent with the connectivity changes in the salience network, this network
is highly associated with the degree of social interaction in the rats. A previous report indicated that, in children
with ASD, salience-network connectivity was linked with the severity of symptoms®. Thus, alterations in the con-
nectivity of the salience network and associated areas may serve as possible neural substrates, reflective of social
behavioral symptom severity in ASD.

Increasing evidence supports the notion that the cerebellar region corresponding to IC1 not only mediates
motor function but also influences social processing”’. In humans with ASD, cerebellar abnormalities have been
recognized early in life, as core ASD deficits appear, especially in the vermis, an area further correlated with social
impairment”*. Our results suggest that combined abnormalities in these regions contribute to the development of
autistic-like behavior in VPA rats.

VPA treatment affects metabolic connectivity in sex-specific way. While no interaction was
identified between the sex of the animal and metabolic activity, we observed significant interactions between
VPA treatment and sex in metabolic connectivity, similar to the interactions observed for behavioral measures.
Although ASD is known to affect males and females differently, little is known regarding sex-based alterations
in brain connectivity. Holt, et al.”? found that neurotypical men performed better than men with ASD on a men-
talizing task, although no differences were noted between neurotypical women and those with ASD. Both men
and women with ASD exhibit reduced neural activation relative to controls when processing social information.
Another study revealed that men with ASD exhibited decreased neural activity compared to controls during
social information processing, while no differences in neural activity were observed between groups of women”>.
These findings suggest that ASD is characterized by both behavioral and neurobiological differences between men
and women.

The present study demonstrates that sex-specific differences in behavior following prenatal exposure to VPA
treatment were associated with differences in metabolic connectivity. We also reveal that ASD-related changes
in brain connectivity—but not in brain activity—following VPA treatment were substantially different between
males and females.

Connections between the visual cortex (IC5) and cerebellum (IC15), and between the retrosplenial cortex
(IC11 and 17) and the nucleus accumbens (IC25) and the olfactory bulb (IC28) were preferentially less increased
in males exposed to VPA compared to VPA exposed females. Given the retrosplenial’s role in orienting and nav-
igation in rodents, and its primary position in the default mode network in humans, connections between this
cortical area and other regions could underlie certain aspects of cognition and self-reflection that contribute to
the autistic phenotype”.

Significant interactions between VPA treatment and sex were observed between networks that may be respon-
sible for decision-making (hippocampus (IC6) and caudoputamen (IC21)) and autonomic regulation (medulla
(IC2) and insular cortex (IC35))7>7°. The enhanced connectivity between the insula, medulla, and motor cortex
may reflect the well-documented autonomic dysfunction reported in ASD and its relation to social functioning”.
Given the greater severity of the behavioral deficits witnessed in the male rats, it is unclear whether enhanced
connectivity represents an attempt to compensate for other areas of diminished activity or connectivity, or an
example of the excitatory/inhibitory imbalance discussed below.

Implications for ASD.  Although the mechanism underlying the development of autistic-like behavior
induced by VPA remains poorly understood, an increasing number of studies have suggested that embryonic
VPA exposure contributes to an imbalance between excitatory and inhibitory neurotransmission'”’®. VPA expo-
sure has been demonstrated to suppress GABAergic inhibitory neuronal development”, and stimulate excitatory,
glutamatergic, neuronal expression’®. However, where this imbalance occurs anatomically in ASD and how such
an imbalance causes autistic behavior is not clearly understood. Recently, alterations in excitatory-inhibitory
balance have been proposed to underlie aberrant brain connectivity in many developmental disorders, including
ASD®. The current study, therefore, suggests that distributed metabolic activity and the connectivity changes
observed in the VPA exposed rats may link the gap between cellular alterations (excitatory and inhibitory imbal-
ance) and the abnormal behavior typical of ASD.

Our results indicate that interactions among multiple brain regions, particularly within the salience and cer-
ebellar networks, were involved in the development of autistic-like social behavioral deficits in the VPA-exposed
rats. The insular cortex and nucleus accumbens/ventral tegmental area constitute the salience network, medi-
ate social reward, and are involved in social cognition®*®!. The cerebellum has also been implicated in social
and emotional processing, language, and cognition’. Taken together, these findings suggest that inappropriate
responses to social stimuli resulting from deficient salience attribution by the salience network and abnormal
social processing in the cerebellum contribute to autistic-like behavior (Fig. 6). Although VPA exposure repre-
sents only one possible risk factor for ASD, the VPA rat model may shed light on alterations in the brain connec-
tivity that occur during the development of ASD.

Our VPA-exposed female rats demonstrated less prominent behavioral derangement and associated changes
in brain connectivity. These findings suggest that female rats are less vulnerable to VPA exposure, given the
protocol followed. Some evidence suggests that the GABAergic system in the female matures more quickly than
in males. Chloride homeostasis proceeds through a developmental shift such that GABA transmission switches
from excitatory to inhibitory in the brain after birth®** and this shift appears to occur earlier in females than in
males®8. If this sex-specific difference in the rate of maturation also exists in the prenatal period, the female
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embryos would have reached a greater level of maturity by E12.5, and would therefore be less susceptible to VPA
induced alterations at the time of exposure.

Alternatively, the hormonal milieu in the female embryos may protect against the deleterious effects of VPA
exposure. Various studies have suggested that testosterone may mediate some of the downstream changes associ-
ated with VPA exposure resulting in the autistic phenotype®®.

The greater magnitude of social behavioral deficits witnessed in the male rats in this study mirrors the
increased male prevalence of autism in humans. The current study revealed that these behavior deficits in male
rats, due to the effects of VPA treatment, are associated with changes in distributed brain activity patterns and
brain connectivity, particularly in the salience and cerebellar networks.

In the present study, inter-liter variation might have confounded the effects of VPA exposure, as the number of
included dams is relatively small (n =4 for each control or VPA-treated)®”. However, our evaluation of statistical
significance with permutation testing minimizes the confound of small litter numbers®S.

We did not perform additional social interaction tests at 62 weeks of age due to the potential confound of
learning with repeated exposure to the testing paradigm. Although the severity of ASD symptoms often improve
with time, the diagnosis of ASD remains generally stable®. In line with these findings, a single prenatal exposure
to VPA in rodents is known to cause lifelong behavioral impairments that represent the core symptoms of ASD'S.

The distributed brain activity pattern identified by SCCA overlaps with changes in (direct sparse) connectivity
by SICE, but not with changes in activity attributed to VPA exposure. In addition, we did not find shared features
between changes in brain connectivity and activity. We might not rule out the possibility that our strict statistical
criteria may have obscured subtle changes according to previous studies where changes in brain activity and
connectivity often accompany one another in patients with ASD*. However, the changes in interregional connec-
tivity appear to be a more sensitive indicator of ASD than the alterations in activity.

In conclusion, differences in patterns of connectivity, as assessed by metabolic correlations, may represent
neurobiological substrates of autistic-like behavior in the social realm, particularly in males, and may serve as a
pathognomonic sign in the VPA rat model of ASD.

Methods
All animal procedures were performed in accordance with the institutional animal care and use committee guide-
lines and approved by the Yonsei University College of Medicine Institutional Animal Care and Use Committee.

Animals. A total of 77 pups (39 males and 38 females) were enrolled in this study. The pups were classified
into eight groups based on age at imaging, sex, and treatment: adolescent, male, control (n = 8); adolescent, male,
VPA-treated (n =7); adolescent, female, control (n = 8); adolescent, female, VPA-treated (n = 8); adult, male,
control (n =9); adult, male, VPA-treated (n = 15); adult, female, control (n=11); and adult, female, VPA-treated
(n=11).

Eight pregnant Sprague-Dawley (SD) female rats (Orient Bio Inc., Gyeonggi-do, South Korea) were randomly
assigned to receive a single subcutaneous injection of sodium valproate (Sigma) dissolved in saline (400 mg/kg),
or saline alone on embryonic day 12.5 (E12.5), as previously described (Kim et al., 2011). Dams were housed indi-
vidually and were allowed to raise their own litters. Pups were weaned at postnatal day 21 (P21), and were housed
with 2-3 rats in same-sex and same-treatment cages. Standard plastic laboratory cages were used with bedding
and ad libitum access to food and water, handled twice a week. Animals were kept in a 12-hour light-dark sched-
ule with lights on at 8:00 am, in rooms under controlled humidity and temperature. Pups were organized into
adolescent and adult groups based on age at imaging. We regarded the adolescent and adult groups as one group
for further analysis as the core symptoms of ASD and comorbidities tend to persist throughout the lifetime®**.
We assumed that if there existed distinct characteristics in the brain that represent the autistic-like behaviors, the
features would not vary with age as long as the core symptoms persist.

Three-chamber social approach test. A three-chamber social approach test was performed between
postnatal weeks (PNWs) 4 and 6 as described previously with minor modifications’'. The apparatus is a rectangu-
lar, three-chambered box made of transparent Plexiglas with removable floor and partitions. Each chamber was
30cmL x 60 cm W x 35cm H. The test consisted of three phases. In the first phase (habituation), a test rat was
placed in the center of the empty three-chamber apparatus with two small wire cages in the left or right chamber
to habituate for 5 minutes. In the second phase (sociability test), an age- and sex-matched rat (S1) that had never
been exposed to the test rat, was placed in one of the two wire cages. The empty wire cage was presented as a novel
object (O). Then the two entrances were opened to allow the test rat in the center to freely explore each of the
three chambers for 10 minutes. In the third phase (social novelty preference test), the test rat was gently guided to
the center chamber, and another age- and sex-matched novel rat (S2) was placed in the empty wire cage. Then the
two entrances were opened to allow the test rat in the center to freely explore for another 10 minutes. The appa-
ratus was cleaned thoroughly with 70% ethanol and water between subjects. All tests were performed between
9 AM and 6 PM. Time spent with the nose point of the test rat in the immediate proximity of the wire cage was
measured manually.

18F-FDG PET acquisition and image preprocessing. PET scans were performed at PNW 6 in the ado-
lescent group, and on PNW 62 in adult group. All rats were deprived of food for 12-18 hours before the scanning,
but had access to water at all times. The rats were anesthetized with 1.2% isoflurane evaporated in a mixture of
30% O, and 70% N, for 5 minutes, then were injected intraperitoneally with ®F-FDG. Injected "¥F-FDG activity
in control males (40.52 4 0.40 MBq), VPA-treated males (40.12 4 0.34 MBq), control females (40.48 +0.35 MBq),
and VPA-treated females (40.48 = 0.31 MBq) did not vary among groups. All values are mean =+ standard error
of the mean (SEM). The rats were moved back to the plastic cages, and woken immediately from anesthesia.
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The cage was placed in a quiet room with dim light for 50 minutes. PET scans were acquired on Siemens Inveon
scanner (Siemens, Knoxville, TN, USA). Static emission scan was started at 60 minutes after injection under iso-
flurane anesthesia. Emission scan was acquired for 20 minutes, followed by 20 minutes of transmission scan. All
PET scans were performed between 9 AM and 6 PM. The images were reconstructed using the ordered subsets
expectation maximization (OSEM) algorithm with attenuation, scatter, and random correction. The voxel size
was 0.776 x 0.776 x 0.796 mm.

Spatial processing was performed using Statistical Parametric Mapping (SPM12, Wellcome Trust Department
of Cognitive Neurology, London, UK). All reconstructed images were spatially normalized to the *F-FDG rat
brain template (PMOD 3.6, PMOD Technologies Ltd, Ziirich, Switzerland). Spatially normalized images were
smoothed with a 1.6 X 1.6 X 1.6 mm?® full-width-half-maximum (FWHM) Gaussian kernel followed by propor-
tional scaling for global intensity normalization.

Independent component analysis of cross-sectional PET data. To examine alterations in cross-
sectional metabolic networks, we defined region of interests (ROI) in a data-driven way using a cross-sectional
ICA modified from our previous study*** in the following manner. For each PET image (total number M =77,
i.e., 17-22 subjects x 2 sexes [male vs. female] x 2 treatment conditions [VPA-treated vs. control]), we extracted
a vector of ¥F-FDG PET intensity from the voxels within the whole brain (total number of voxels, K= 370,675).
All vectors from the M PET images were concatenated to a matrix x, which was decomposed into an independent
component matrix s (N equals the number of independent components) and a mixing matrix A using an ICA
algorithm. The matrix sizes of x, s and A were (M X K), (N x K) and (M x N).

For each voxel, a vector of i-th PET image x; can be composed of N independent spatial components (ICs) s,
j=1,.., N, as below,

N
X =yags, i=1,..,M
=1

where the weight a; indicates the contribution of source s; to compose x;. This can be rewritten as,
X =[x, -, xM]T = Als, -+, sN]T = As

where x; is a vector of the i-th PET image, s; is a j-th IC, and A is a M x N mixing matrix composed of weight ele-
ments a;. In the current study, the number of ICs (N) was chosen after reducing the dimensionality of the data by
using a principal component analysis retaining 90% of the explained variance. The mixing matrix A can be esti-
mated using ICA algorithms, which maximize the mutual independency between the estimated functional com-
ponents. To reliably estimate the functional components, we followed an ICASSO framework® using FastICA%.
In this ICASSO framework, we ran FastICA 100 times with random initial values. From the pool of components
driven at each run, ICASSO searches cluster centroids by computing hierarchical clustering according to the
dissimilarities among components using average-linkage strategy. These cluster centroids are considered more
reliable estimates for independent component®.

Statistical analysis for metabolic weights of independent components. The mixing matrix A,
driven by ICA algorithms, carries information on the weight (contribution) of each IC to a measured PET image.
This weight corresponds to the activity of the component. For the weight element a; and for the j-th IC (j=1...,
M) to the i-th PET image (i = 1,.., M), we conducted two-way ANOVA with the factors: treatment condition
(VPA-exposed vs. control) and sex condition (male vs. female). Comparisons were performed using permutation
tests with 10,000 randomizations, followed by false discovery rate (FDR)®® corrections (FDR < 0.05) for multiple
tests.

Metabolic network construction. Each brain region identified by ICA served as nodes throughout the
brain. "F-FDG uptake in the region defined by each IC was normalized to global brain activity. In order to
construct metabolic networks, we used two types of connectivity definitions; 1) Pearson’s correlation based con-
nectivity and 2) partial correlation-based connectivity. Pearson’s correlation method inherently cannot factor out
latent effects of a third and/or fourth node that may modulate connectivity between the two nodes. This makes
interpretation of the correlative activities unclear, whether they are from the intrinsic structural connection or
from polysynaptic induction, common modulatory effects, or common feed-forward projections via the thala-
mus’®. By definition, partial correlation measures connection between two brain regions while controlling for
the effects from other brain regions®”. Thus, partial correlation measures are more efficient in revealing direct
associations between brain areas. Therefore, we evaluated both measures in the current study.

For each pair of ICs, Pearson’s correlation coefficient between IC weights was calculated across subjects within
each group to generate four correlation matrices, one for each factor, VPA-exposed vs. control, and male vs.
female rats. Correlation matrices for each group were transformed to Z scores using a Fisher transformation.
Permutation testing was performed to evaluate statistical differences of elements (connectivity) of correlation
matrices between groups. The subject label for each group was permuted 10,000 times. A FDR threshold of 0.05
was used to determine significance.

The SICE, a type of graphical lasso (least absolute shrinkage and selection operator), was used to estimate the
partial correlation matrix of the total brain network. To determine the optimal sparsity control parameter, we
used a stability approach to regularization selection (StARS)****. We further adopted a constrained optimization
algorithm to estimate the strength of connections in the graph obtained by SICE®. To test statistical differences
caused by VPA exposure and sex, we obtained a null distribution by permuting subject labels and by re-estimating
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the optimal network for each of the four factors. Then we evaluated interactions between VPA treatment and sex.
Main effects were controlled by approximate permutation testing using orthogonal contrasts and subject labels
were permuted as previously described®®!®. The entire subject labels were permuted 10,000 times. A FDR thresh-
old of 0.05 was used to determine significance.

Sparse canonical correlation analysis. We performed a multivariate analysis using SCCA to explore the
relationship between the behavioral data and the IC weights (activities)'°"1%2. We selected behavioral parameters
such that higher values refer to more normal social interactions. In particular, the greater the length of time spent
with the first stranger in the sociability session and the longer period spent preferring the second stranger over
the first stranger during the social novelty preference test session reflected more normal social behavior. Thus, we
were able to correlate these behavioral parameters with the IC weights using SCCA. No penalty was applied for
behavioral parameters, as the number of parameters was two. This procedure produced a canonical variate that
described the maximal correlation between behavior and the metabolic activity of ICs.

Statistical analysis. Statistical analyses were performed using scripts written in house (Matlab, R2016b,
Mathworks, Inc. USA). Behavioral data were analyzed with a two-way ANOVA and t-test using permutation
testing. The permutation was repeated 10,000 times. We also used a one-way ANOVA with injected 3"F-FDG
activity as a between-group factor. The null hypothesis was rejected for alpha greater than 5%. Details on statisti-
cal method applied in imaging analyses are described in each section.

References

1. American Psychiatric Association. Diagnostic and statistical manual of mental disorders. 5th edn, (American Psychiatric Publishing,
2013).

2. Simonoff, E. et al. Psychiatric disorders in children with autism spectrum disorders: prevalence, comorbidity, and associated factors
in a population-derived sample. ] Am Acad Child Adolesc Psychiatry 47, 921-929, https://doi.org/10.1097/CHI.0b013e318179964f
(2008).

3. Shattuck, P. T. et al. Timing of identification among children with an autism spectrum disorder: findings from a population-based
surveillance study. J Am Acad Child Adolesc Psychiatry 48, 474-483, https://doi.org/10.1097/CHI.0b013e31819b3848 (2009).

4. Geschwind, D. H. Genetics of autism spectrum disorders. Trends Cogn Sci 15, 409-416, https://doi.org/10.1016/j.tics.2011.07.003
(2011).

5. Murdoch, J. D. & State, M. W. Recent developments in the genetics of autism spectrum disorders. Curr Opin Genet Dev 23,
310-315, https://doi.org/10.1016/j.gde.2013.02.003 (2013).

6. Rossignol, D. A., Genuis, S. J. & Frye, R. E. Environmental toxicants and autism spectrum disorders: a systematic review. Transl
Psychiatry 4, €360, https://doi.org/10.1038/tp.2014.4 (2014).

7. Lenroot, R. K. & Yeung, P. K. Heterogeneity within Autism Spectrum Disorders: What have We Learned from Neuroimaging
Studies? Front Hum Neurosci 7, 733, https://doi.org/10.3389/fnhum.2013.00733 (2013).

8. Willsey, A. J. & State, M. W. Autism spectrum disorders: from genes to neurobiology. Curr Opin Neurobiol 30, 92-99, https://doi.
0rg/10.1016/j.conb.2014.10.015 (2015).

9. Centers for Disease Control and Prevention. Prevalence of autism spectrum disorder among children aged 8 years - autism and
developmental disabilities monitoring network, 11 sites, United States, 2010. MM WR Surveill Summ 63, 1-21 (2014).

10. Lai, M. C,, Lombardo, M. V., Auyeung, B., Chakrabarti, B. & Baron-Cohen, S. Sex/gender differences and autism: setting the scene
for future research. ] Am Acad Child Adolesc Psychiatry 54, 11-24, https://doi.org/10.1016/j.jaac.2014.10.003 (2015).

11. Beggiato, A. et al. Gender differences in autism spectrum disorders: Divergence among specific core symptoms. Autism Res, https://
doi.org/10.1002/aur.1715 (2016).

12. Rasalam, A. D. et al. Characteristics of fetal anticonvulsant syndrome associated autistic disorder. Dev Med Child Neurol 47,
551-555 (2005).

13. Christensen, J. et al. Prenatal valproate exposure and risk of autism spectrum disorders and childhood autism. JAMA 309,
1696-1703, https://doi.org/10.1001/jama.2013.2270 (2013).

14. Bromley, R. L. et al. The prevalence of neurodevelopmental disorders in children prenatally exposed to antiepileptic drugs. ] Neurol
Neurosurg Psychiatry 84, 637-643, https://doi.org/10.1136/jnnp-2012-304270 (2013).

15. Schneider, T. & Przewlocki, R. Behavioral alterations in rats prenatally exposed to valproic acid: animal model of autism.
Neuropsychopharmacology 30, 80-89, https://doi.org/10.1038/sj.npp.1300518 (2005).

16. Schneider, T. et al. Gender-specific behavioral and immunological alterations in an animal model of autism induced by prenatal
exposure to valproic acid. Psychoneuroendocrinology 33, 728-740, https://doi.org/10.1016/j.psyneuen.2008.02.011 (2008).

17. Kim, K. C. et al. Male-specific alteration in excitatory post-synaptic development and social interaction in pre-natal valproic acid
exposure model of autism spectrum disorder. ] Neurochem 124, 832-843, https://doi.org/10.1111/jnc.12147 (2013).

18. Nicolini, C. & Fahnestock, M. The valproic acid-induced rodent model of autism. Exp Neurol, https://doi.org/10.1016/j.
expneurol.2017.04.017 (2017).

19. Bullmore, E. & Sporns, O. The economy of brain network organization. Nat Rev Neurosci 13, 336-349, https://doi.org/10.1038/
nrn3214 (2012).

20. Maximo, J. O., Cadena, E. J. & Kana, R. K. The implications of brain connectivity in the neuropsychology of autism. Neuropsychol
Rev 24, 16-31, https://doi.org/10.1007/s11065-014-9250-0 (2014).

21. Kessler, K., Seymour, R. A. & Rippon, G. Brain oscillations and connectivity in autism spectrum disorders (ASD): new approaches
to methodology, measurement and modelling. Neurosci Biobehav Rev 71, 601-620, https://doi.org/10.1016/j.neubiorev.2016.10.002
(2016).

22. Belmonte, M. K. et al. Autism and abnormal development of brain connectivity. ] Neurosci 24, 9228-9231, https://doi.org/10.1523/
JNEUROSCI.3340-04.2004 (2004).

23. Yahata, N. et al. A small number of abnormal brain connections predicts adult autism spectrum disorder. Nat Commun 7, 11254,
https://doi.org/10.1038/ncomms11254 (2016).

24. Rane, P. et al. Connectivity in Autism: A Review of MRI Connectivity Studies. Harv Rev Psychiatry 23, 223-244, https://doi.
0rg/10.1097/HRP.0000000000000072 (2015).

25. Hahamy, A., Behrmann, M. & Malach, R. The idiosyncratic brain: distortion of spontaneous connectivity patterns in autism
spectrum disorder. Nat Neurosci 18, 302-309, https://doi.org/10.1038/nn.3919 (2015).

26. Lefebvre, A., Beggiato, A., Bourgeron, T. & Toro, R. Neuroanatomical Diversity of Corpus Callosum and Brain Volume in Autism:
Meta-analysis, Analysis of the Autism Brain Imaging Data Exchange Project, and Simulation. Biol Psychiatry 78, 126134, https://
doi.org/10.1016/j.biopsych.2015.02.010 (2015).

SCIENTIFICREPORTS|7: 13213 | DOI:10.1038/541598-017-13642-3 13


http://dx.doi.org/10.1097/CHI.0b013e318179964f
http://dx.doi.org/10.1097/CHI.0b013e31819b3848
http://dx.doi.org/10.1016/j.tics.2011.07.003
http://dx.doi.org/10.1016/j.gde.2013.02.003
http://dx.doi.org/10.1038/tp.2014.4
http://dx.doi.org/10.3389/fnhum.2013.00733
http://dx.doi.org/10.1016/j.conb.2014.10.015
http://dx.doi.org/10.1016/j.conb.2014.10.015
http://dx.doi.org/10.1016/j.jaac.2014.10.003
http://dx.doi.org/10.1002/aur.1715
http://dx.doi.org/10.1002/aur.1715
http://dx.doi.org/10.1001/jama.2013.2270
http://dx.doi.org/10.1136/jnnp-2012-304270
http://dx.doi.org/10.1038/sj.npp.1300518
http://dx.doi.org/10.1016/j.psyneuen.2008.02.011
http://dx.doi.org/10.1111/jnc.12147
http://dx.doi.org/10.1016/j.expneurol.2017.04.017
http://dx.doi.org/10.1016/j.expneurol.2017.04.017
http://dx.doi.org/10.1038/nrn3214
http://dx.doi.org/10.1038/nrn3214
http://dx.doi.org/10.1007/s11065-014-9250-0
http://dx.doi.org/10.1016/j.neubiorev.2016.10.002
http://dx.doi.org/10.1523/JNEUROSCI.3340-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.3340-04.2004
http://dx.doi.org/10.1038/ncomms11254
http://dx.doi.org/10.1097/HRP.0000000000000072
http://dx.doi.org/10.1097/HRP.0000000000000072
http://dx.doi.org/10.1038/nn.3919
http://dx.doi.org/10.1016/j.biopsych.2015.02.010
http://dx.doi.org/10.1016/j.biopsych.2015.02.010

www.nature.com/scientificreports/

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Ecker, C., Bookheimer, S. Y. & Murphy, D. G. Neuroimaging in autism spectrum disorder: brain structure and function across the
lifespan. Lancet Neurol, https://doi.org/10.1016/S1474-4422(15)00050-2 (2015).

Zurcher, N. R., Bhanot, A., McDougle, C.]. & Hooker, J. M. A systematic review of molecular imaging (PET and SPECT) in autism
spectrum disorder: current state and future research opportunities. Neurosci Biobehav Rev 52, 56-73, https://doi.org/10.1016/j.
neubiorev.2015.02.002 (2015).

Lu, H. et al. Rat brains also have a default mode network. Proc Natl Acad Sci USA 109, 3979-3984, https://doi.org/10.1073/
pnas.1200506109 (2012).

Pan, W. ], Billings, J. C., Grooms, J. K., Shakil, S. & Keilholz, S. D. Considerations for resting state functional MRI and functional
connectivity studies in rodents. Front Neurosci 9, 269, https://doi.org/10.3389/fnins.2015.00269 (2015).

Lundgaard, 1. et al. Direct neuronal glucose uptake heralds activity-dependent increases in cerebral metabolism. Nat Commun 6,
6807, https://doi.org/10.1038/ncomms7807 (2015).

Park, H. J. et al. Independent component model for cognitive functions of multiple subjects using [150]H20 PET images. Hum
Brain Mapp 18, 284-295, https://doi.org/10.1002/hbm.10085 (2003).

Huang, S. et al. Learning brain connectivity of Alzheimer’s disease by sparse inverse covariance estimation. Neuroimage 50,
935-949, https://doi.org/10.1016/j.neuroimage.2009.12.120 (2010).

Zou, N. et al. Metabolic connectivity as index of verbal working memory. J Cereb Blood Flow Metab 35, 1122-1126, https://doi.
org/10.1038/jcbfm.2015.40 (2015).

Schaafsma, S. M. & Pfaff, D. W. Etiologies underlying sex differences in Autism Spectrum Disorders. Front Neuroendocrinol 35,
255-271, https://doi.org/10.1016/j.yfrne.2014.03.006 (2014).

Yang, M., Silverman, J. L. & Crawley, J. N. Automated three-chambered social approach task for mice. Curr Protoc Neurosci Chapter
8, Unit8 26, https://doi.org/10.1002/0471142301.ns0826s56 (2011).

Kataoka, S. et al. Autism-like behaviours with transient histone hyperacetylation in mice treated prenatally with valproic acid. Int
J Neuropsychopharmacol 16, 91-103, https://doi.org/10.1017/S1461145711001714 (2013).

Hara, Y. et al. Effect of prenatal valproic acid exposure on cortical morphology in female mice. ] Pharmacol Sci 118, 543-546
(2012).

Bowers, J. M. & Alexander, B. K. Mice: individual recognition by olfactory cues. Science 158, 1208-1210 (1967).

Roullet, F 1., Wollaston, L., Decatanzaro, D. & Foster, J. A. Behavioral and molecular changes in the mouse in response to prenatal
exposure to the anti-epileptic drug valproic acid. Neuroscience 170, 514-522, https://doi.org/10.1016/j.neuroscience.2010.06.069
(2010).

Van Wijngaarden-Cremers, P. J. et al. Gender and age differences in the core triad of impairments in autism spectrum disorders: a
systematic review and meta-analysis. ] Autism Dev Disord 44, 627-635, https://doi.org/10.1007/s10803-013-1913-9 (2014).

De Volder, A., Bol, A., Michel, C., Congneau, M. & Goffinet, A. M. Brain glucose metabolism in children with the autistic
syndrome: positron tomography analysis. Brain Dev 9, 581-587 (1987).

Horwitz, B., Rumsey, J. M., Grady, C. L. & Rapoport, S. I. The cerebral metabolic landscape in autism. Intercorrelations of regional
glucose utilization. Arch Neurol 45, 749-755 (1988).

Rumsey, J. M. et al. Brain metabolism in autism. Resting cerebral glucose utilization rates as measured with positron emission
tomography. Arch Gen Psychiatry 42, 448-455 (1985).

McKeown, M. J., Hansen, L. K. & Sejnowsk, T. J. Independent component analysis of functional MRI: what is signal and what is
noise? Curr Opin Neurobiol 13, 620-629 (2003).

Rozenkrantz, L. et al. A Mechanistic Link between Olfaction and Autism Spectrum Disorder. Curr Biol 25, 1904-1910, https://doi.
org/10.1016/j.cub.2015.05.048 (2015).

Semin, G. R. & Groot, J. H. The chemical bases of human sociality. Trends Cogn Sci 17, 427-429, https://doi.org/10.1016/j.
1ics.2013.05.008 (2013).

Langen, M. et al. Changes in the developmental trajectories of striatum in autism. Biol Psychiatry 66, 327-333, https://doi.
org/10.1016/j.biopsych.2009.03.017 (2009).

Langen, M. et al. Changes in the development of striatum are involved in repetitive behavior in autism. Biol Psychiatry 76, 405-411,
https://doi.org/10.1016/j.biopsych.2013.08.013 (2014).

Hollander, E. et al. Striatal volume on magnetic resonance imaging and repetitive behaviors in autism. Biol Psychiatry 58, 226-232,
https://doi.org/10.1016/j.biopsych.2005.03.040 (2005).

Chen, H., Uddin, L. Q., Zhang, Y., Duan, X. & Chen, H. Atypical effective connectivity of thalamo-cortical circuits in autism
spectrum disorder. Autism Res 9, 1183-1190, https://doi.org/10.1002/aur.1614 (2016).

Linke, A. C., Jao Keehn, R. J., Pueschel, E. B., Fishman, I. & Muller, R. A. Children with ASD show links between aberrant sound
processing, social symptoms, and atypical auditory interhemispheric and thalamocortical functional connectivity. Dev Cogn
Neurosci, https://doi.org/10.1016/j.dcn.2017.01.007 (2017).

Green, S. A., Hernandez, L., Bookheimer, S. Y. & Dapretto, M. Reduced modulation of thalamocortical connectivity during
exposure to sensory stimuli in ASD. Autism Res, https://doi.org/10.1002/aur.1726 (2016).

Uddin, L. Q., Kinnison, J., Pessoa, L. & Anderson, M. L. Beyond the tripartite cognition-emotion-interoception model of the
human insular cortex. J Cogn Neurosci 26, 16-27, https://doi.org/10.1162/jocn_a_00462 (2014).

Critchley, H. D., Mathias, C. J. & Dolan, R. J. Neuroanatomical basis for first- and second-order representations of bodily states. Nat
Neurosci 4,207-212, https://doi.org/10.1038/84048 (2001).

Craig, A. D. How do you feel? Interoception: the sense of the physiological condition of the body. Nat Rev Neurosci 3, 655-666,
https://doi.org/10.1038/nrn894 (2002).

Mesulam, M. M. & Mufson, E. J. Insula of the old world monkey. III: Efferent cortical output and comments on function. ] Comp
Neurol 212, 38-52, https://doi.org/10.1002/cne.902120104 (1982).

Mufson, E. J. & Mesulam, M. M. Insula of the old world monkey. II: Afferent cortical input and comments on the claustrum. J
Comp Neurol 212, 23-37, https://doi.org/10.1002/cne.902120103 (1982).

Gray, M. A. & Critchley, H. D. Interoceptive basis to craving. Neuron 54, 183-186, https://doi.org/10.1016/j.neuron.2007.03.024
(2007).

Harrison, N. A., Gray, M. A, Gianaros, P. ]. & Critchley, H. D. The embodiment of emotional feelings in the brain. ] Neurosci 30,
12878-12884, https://doi.org/10.1523/]NEUROSCI.1725-10.2010 (2010).

Quattrocki, E. & Friston, K. Autism, oxytocin and interoception. Neurosci Biobehav Rev 47, 410-430, https://doi.org/10.1016/j.
neubiorev.2014.09.012 (2014).

Menon, V. Large-scale brain networks and psychopathology: a unifying triple network model. Trends Cogn Sci 15, 483-506, https://
doi.org/10.1016/j.tics.2011.08.003 (2011).

Dawson, G., Meltzoff, A. N., Osterling, J., Rinaldi, J. & Brown, E. Children with autism fail to orient to naturally occurring social
stimuli. ] Autism Dev Disord 28, 479-485 (1998).

Insel, T. R. & Fernald, R. D. How the brain processes social information: searching for the social brain. Annu Rev Neurosci 27,
697-722, https://doi.org/10.1146/annurev.neuro.27.070203.144148 (2004).

Abbott, A. E. et al. Patterns of Atypical Functional Connectivity and Behavioral Links in Autism Differ Between Default, Salience,
and Executive Networks. Cereb Cortex 26, 4034-4045, https://doi.org/10.1093/cercor/bhv191 (2016).

SCIENTIFICREPORTS |7: 13213 | DOI:10.1038/541598-017-13642-3 14


http://dx.doi.org/10.1016/S1474-4422(15)00050-2
http://dx.doi.org/10.1016/j.neubiorev.2015.02.002
http://dx.doi.org/10.1016/j.neubiorev.2015.02.002
http://dx.doi.org/10.1073/pnas.1200506109
http://dx.doi.org/10.1073/pnas.1200506109
http://dx.doi.org/10.3389/fnins.2015.00269
http://dx.doi.org/10.1038/ncomms7807
http://dx.doi.org/10.1002/hbm.10085
http://dx.doi.org/10.1016/j.neuroimage.2009.12.120
http://dx.doi.org/10.1038/jcbfm.2015.40
http://dx.doi.org/10.1038/jcbfm.2015.40
http://dx.doi.org/10.1016/j.yfrne.2014.03.006
http://dx.doi.org/10.1002/0471142301.ns0826s56
http://dx.doi.org/10.1017/S1461145711001714
http://dx.doi.org/10.1016/j.neuroscience.2010.06.069
http://dx.doi.org/10.1007/s10803-013-1913-9
http://dx.doi.org/10.1016/j.cub.2015.05.048
http://dx.doi.org/10.1016/j.cub.2015.05.048
http://dx.doi.org/10.1016/j.tics.2013.05.008
http://dx.doi.org/10.1016/j.tics.2013.05.008
http://dx.doi.org/10.1016/j.biopsych.2009.03.017
http://dx.doi.org/10.1016/j.biopsych.2009.03.017
http://dx.doi.org/10.1016/j.biopsych.2013.08.013
http://dx.doi.org/10.1016/j.biopsych.2005.03.040
http://dx.doi.org/10.1002/aur.1614
http://dx.doi.org/10.1016/j.dcn.2017.01.007
http://dx.doi.org/10.1002/aur.1726
http://dx.doi.org/10.1162/jocn_a_00462
http://dx.doi.org/10.1038/84048
http://dx.doi.org/10.1038/nrn894
http://dx.doi.org/10.1002/cne.902120104
http://dx.doi.org/10.1002/cne.902120103
http://dx.doi.org/10.1016/j.neuron.2007.03.024
http://dx.doi.org/10.1523/JNEUROSCI.1725-10.2010
http://dx.doi.org/10.1016/j.neubiorev.2014.09.012
http://dx.doi.org/10.1016/j.neubiorev.2014.09.012
http://dx.doi.org/10.1016/j.tics.2011.08.003
http://dx.doi.org/10.1016/j.tics.2011.08.003
http://dx.doi.org/10.1146/annurev.neuro.27.070203.144148
http://dx.doi.org/10.1093/cercor/bhv191

www.nature.com/scientificreports/

66.
67.

68.
69.

70.
71.
72.
73.
74.
75.
76.
77.
78.

79.

80.
81.
82.
83.
84.

85.

86.

87.
88.

89.

90.
91.
92.
93.
94.
95.

96.

97.

98.
. Anderson, M. J. Permutation tests for univariate or multivariate analysis of variance and regression. Canadian journal of fisheries

100.
101.

102.

Uddin, L. Q. et al. Salience network-based classification and prediction of symptom severity in children with autism. JAMA
Psychiatry 70, 869-879, https://doi.org/10.1001/jamapsychiatry.2013.104 (2013).

Zurcher, N. R. et al. It’s all in the eyes: subcortical and cortical activation during grotesqueness perception in autism. PLoS One 8,
€54313, https://doi.org/10.1371/journal.pone.0054313 (2013).

Hardoon, D. R. & Shawe-Taylor, J. Sparse canonical correlation analysis. Machine Learning 83, 331-353 (2011).

Uddin, L. Q. Salience processing and insular cortical function and dysfunction. Nat Rev Neurosci 16, 55-61, https://doi.
0rg/10.1038/nrn3857 (2015).

Strick, P. L., Dum, R. P. & Fiez, J. A. Cerebellum and nonmotor function. Annu Rev Neurosci 32, 413-434, https://doi.org/10.1146/
annurev.neuro.31.060407.125606 (2009).

Wang, S. S., Kloth, A. D. & Badura, A. The cerebellum, sensitive periods, and autism. Neuron 83, 518-532, https://doi.org/10.1016/j.
neuron.2014.07.016 (2014).

Holt, R. J. et al. ‘Reading the Mind in the Eyes’: an fMRI study of adolescents with autism and their siblings. Psychol Med 44,
3215-3227, https://doi.org/10.1017/S0033291714000233 (2014).

Kirkovski, M., Enticott, P. G., Hughes, M. E., Rossell, S. L. & Fitzgerald, P. B. Atypical Neural Activity in Males But Not Females
with Autism Spectrum Disorder. ] Autism Dev Disord 46, 954-963, https://doi.org/10.1007/s10803-015-2639-7 (2016).

Starck, T. et al. Resting state fMRI reveals a default mode dissociation between retrosplenial and medial prefrontal subnetworks in
ASD despite motion scrubbing. Front Hum Neurosci 7, 802, https://doi.org/10.3389/fnhum.2013.00802 (2013).

Johnson, A., van der Meer, M. A. & Redish, A. D. Integrating hippocampus and striatum in decision-making. Curr Opin Neurobiol
17, 692-697, https://doi.org/10.1016/j.conb.2008.01.003 (2007).

Benarroch, E. E. The central autonomic network: functional organization, dysfunction, and perspective. Mayo Clin Proc 68,
988-1001 (1993).

Bal, E. et al. Emotion recognition in children with autism spectrum disorders: relations to eye gaze and autonomic state. ] Autism
Dev Disord 40, 358-370, https://doi.org/10.1007/s10803-009-0884-3 (2010).

Kim, K. C. et al. Pax6-dependent cortical glutamatergic neuronal differentiation regulates autism-like behavior in prenatally
valproic acid-exposed rat offspring. Mol Neurobiol 49, 512-528, https://doi.org/10.1007/s12035-013-8535-2 (2014).

Fukuchi, M. et al. Valproic acid induces up- or down-regulation of gene expression responsible for the neuronal excitation and
inhibition in rat cortical neurons through its epigenetic actions. Neurosci Res 65, 35-43, https://doi.org/10.1016/j.
neures.2009.05.002 (2009).

Menon, V. Developmental pathways to functional brain networks: emerging principles. Trends Cogn Sci 17, 627-640, https://doi.
0rg/10.1016/j.tics.2013.09.015 (2013).

Uddin, L. Q. & Menon, V. The anterior insula in autism: under-connected and under-examined. Neurosci Biobehav Rev 33,
1198-1203, https://doi.org/10.1016/j.neubiorev.2009.06.002 (2009).

Ben-Ari, Y., Khalilov, I, Kahle, K. T. & Cherubini, E. The GABA excitatory/inhibitory shift in brain maturation and neurological
disorders. Neuroscientist 18, 467-486, https://doi.org/10.1177/1073858412438697 (2012).

Blaesse, P. et al. Oligomerization of KCC2 correlates with development of inhibitory neurotransmission. J Neurosci 26,
10407-10419, https://doi.org/10.1523/TNEUROSCI.3257-06.2006 (2006).

Galanopoulou, A. S. Sex- and cell-type-specific patterns of GABAA receptor and estradiol-mediated signaling in the immature rat
substantia nigra. Eur ] Neurosci 23, 2423-2430, https://doi.org/10.1111/j.1460-9568.2006.04778.x (2006).

Perrot-Sinal, T. S., Sinal, C. J., Reader, J. C., Speert, D. B. & McCarthy, M. M. Sex differences in the chloride cotransporters, NKCC1
and KCC2, in the developing hypothalamus. ] Neuroendocrinol 19, 302-308, https://doi.org/10.1111/j.1365-2826.2007.01530.x
(2007).

Perez-Pouchoulen, M. et al. Prenatal exposure to sodium valproate alters androgen receptor expression in the developing
cerebellum in a region and age specific manner in male and female rats. Int ] Dev Neurosci 53, 46-52, https://doi.org/10.1016/j.
ijdevneu.2016.07.001 (2016).

Lazic, S. E. & Essioux, L. Improving basic and translational science by accounting for litter-to-litter variation in animal models.
BMC Neurosci 14, 37, https://doi.org/10.1186/1471-2202-14-37 (2013).

Mundry, R. & Sommer, C. Discriminant function analysis with nonindependent data: consequences and an alternative. Animal
Behaviour 74, 965-976 (2007).

Magiati, L., Tay, X. W. & Howlin, P. Cognitive, language, social and behavioural outcomes in adults with autism spectrum disorders:
a systematic review of longitudinal follow-up studies in adulthood. Clin Psychol Rev 34, 73-86, https://doi.org/10.1016/j.
cpr.2013.11.002 (2014).

Guthrie, W, Swineford, L. B., Nottke, C. & Wetherby, A. M. Early diagnosis of autism spectrum disorder: stability and change in
clinical diagnosis and symptom presentation. ] Child Psychol Psychiatry 54, 582-590, https://doi.org/10.1111/jcpp.12008 (2013).
Crawley, J. N. Designing mouse behavioral tasks relevant to autistic-like behaviors. Ment Retard Dev Disabil Res Rev 10, 248-258,
https://doi.org/10.1002/mrdd.20039 (2004).

Park, H. J. et al. A network analysis of (1)(5)0-H(2)O PET reveals deep brain stimulation effects on brain network of Parkinson’s
disease. Yonsei Med ] 56, 726-736, https://doi.org/10.3349/ymj.2015.56.3.726 (2015).

Himberg, J., Hyvarinen, A. & Esposito, F. Validating the independent components of neuroimaging time series via clustering and
visualization. Neuroimage 22, 1214-1222, https://doi.org/10.1016/j.neuroimage.2004.03.027 (2004).

Hyvarinen, A. Fast and robust fixed-point algorithms for independent component analysis. IEEE Trans Neural Netw 10, 626-634,
https://doi.org/10.1109/72.761722 (1999).

Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate - a Practical and Powerful Approach to Multiple Testing. ] Roy
Stat Soc B Met 57, 289-300 (1995).

van den Heuvel, M. P., Mandl, R. C., Kahn, R. S. & Hulshoff Pol, H. E. Functionally linked resting-state networks reflect the
underlying structural connectivity architecture of the human brain. Hum Brain Mapp 30, 3127-3141, https://doi.org/10.1002/
hbm.20737 (2009).

Salvador, R. et al. Neurophysiological architecture of functional magnetic resonance images of human brain. Cereb Cortex 15,
1332-1342, https://doi.org/10.1093/cercor/bhi016 (2005).

Dempster, A. P. Covariance selection. Biometrics, 157-175 (1972).

and aquatic sciences 58, 626-639 (2001).

Mewhort, D. ., Johns, B. T. & Kelly, M. Applying the permutation test to factorial designs. Behav Res Methods 42, 366-372, https://
doi.org/10.3758/BRM.42.2.366 (2010).

Witten, D. M., Tibshirani, R. & Hastie, T. A penalized matrix decomposition, with applications to sparse principal components and
canonical correlation analysis. Biostatistics 10, 515-534, https://doi.org/10.1093/biostatistics/kxp008 (2009).

Smith, S. M. et al. A positive-negative mode of population covariation links brain connectivity, demographics and behavior. Nat
Neurosci 18, 1565-1567, https://doi.org/10.1038/nn.4125 (2015).

SCIENTIFICREPORTS|7: 13213 | DOI:10.1038/541598-017-13642-3 15


http://dx.doi.org/10.1001/jamapsychiatry.2013.104
http://dx.doi.org/10.1371/journal.pone.0054313
http://dx.doi.org/10.1038/nrn3857
http://dx.doi.org/10.1038/nrn3857
http://dx.doi.org/10.1146/annurev.neuro.31.060407.125606
http://dx.doi.org/10.1146/annurev.neuro.31.060407.125606
http://dx.doi.org/10.1016/j.neuron.2014.07.016
http://dx.doi.org/10.1016/j.neuron.2014.07.016
http://dx.doi.org/10.1017/S0033291714000233
http://dx.doi.org/10.1007/s10803-015-2639-7
http://dx.doi.org/10.3389/fnhum.2013.00802
http://dx.doi.org/10.1016/j.conb.2008.01.003
http://dx.doi.org/10.1007/s10803-009-0884-3
http://dx.doi.org/10.1007/s12035-013-8535-2
http://dx.doi.org/10.1016/j.neures.2009.05.002
http://dx.doi.org/10.1016/j.neures.2009.05.002
http://dx.doi.org/10.1016/j.tics.2013.09.015
http://dx.doi.org/10.1016/j.tics.2013.09.015
http://dx.doi.org/10.1016/j.neubiorev.2009.06.002
http://dx.doi.org/10.1177/1073858412438697
http://dx.doi.org/10.1523/JNEUROSCI.3257-06.2006
http://dx.doi.org/10.1111/j.1460-9568.2006.04778.x
http://dx.doi.org/10.1111/j.1365-2826.2007.01530.x
http://dx.doi.org/10.1016/j.ijdevneu.2016.07.001
http://dx.doi.org/10.1016/j.ijdevneu.2016.07.001
http://dx.doi.org/10.1186/1471-2202-14-37
http://dx.doi.org/10.1016/j.cpr.2013.11.002
http://dx.doi.org/10.1016/j.cpr.2013.11.002
http://dx.doi.org/10.1111/jcpp.12008
http://dx.doi.org/10.1002/mrdd.20039
http://dx.doi.org/10.3349/ymj.2015.56.3.726
http://dx.doi.org/10.1016/j.neuroimage.2004.03.027
http://dx.doi.org/10.1109/72.761722
http://dx.doi.org/10.1002/hbm.20737
http://dx.doi.org/10.1002/hbm.20737
http://dx.doi.org/10.1093/cercor/bhi016
http://dx.doi.org/10.3758/BRM.42.2.366
http://dx.doi.org/10.3758/BRM.42.2.366
http://dx.doi.org/10.1093/biostatistics/kxp008
http://dx.doi.org/10.1038/nn.4125

www.nature.com/scientificreports/

Acknowledgements

This research was supported by the Brain Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Science, ICT & Future Planning (No. 2014R1A2A1A10052762 to H.P,, and
2015M3C7A1028396 to C.H.K.), and a faculty research grant from Yonsei University College of Medicine for
2008 (6-2008-0232 to C.H.K).

Author Contributions

H.C.,CH.K,, and H.P. designed research; H.C. performed research; H.C., B.P,, and H.P. contributed new reagents/
analytic tools; H.C., H-W.O., B.P,, and H.P. analyzed data; and H.C., CH.K,, E.QK., D.G.K,, and H.P. wrote the
paper. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
SE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 13213 | DOI:10.1038/541598-017-13642-3 16


http://creativecommons.org/licenses/by/4.0/

	Changes in brain metabolic connectivity underlie autistic-like social deficits in a rat model of autism spectrum disorder

	Results

	Three-chamber social approach test. 
	Activity analysis of independent components. 
	Connectivity estimated by sparse inverse covariance estimation. 
	Sparse canonical correlation analysis. 

	Discussion

	VPA treatment results in sex-specific impairments in social interaction. 
	VPA treatment changes metabolic activity and connectivity. 
	Variations in the autistic-like behavior score were associated with distributed metabolic activity patterns. 
	VPA treatment affects metabolic connectivity in sex-specific way. 
	Implications for ASD. 

	Methods

	Animals. 
	Three-chamber social approach test. 
	18F-FDG PET acquisition and image preprocessing. 
	Independent component analysis of cross-sectional PET data. 
	Statistical analysis for metabolic weights of independent components. 
	Metabolic network construction. 
	Sparse canonical correlation analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Sociability and social novelty preference test.
	Figure 2 Spatial distribution of independent components.
	Figure 3 Activity changes induced by prenatal VPA exposure and the interaction with sex.
	Figure 4 Connectivity changes induced by prenatal VPA exposure and the interaction with sex, as estimated by sparse inverse covariance estimation.
	Figure 5 Spatial patterns associated with normal social behavior revealed by sparse canonical correlation analysis.
	Figure 6 Activity and connectivity changes induced by prenatal VPA exposure, and brain regions associated with normal social behavior (A) and the effect of VPA exposure on sex (B).
	Table 1 Significant effects of prenatal VPA exposure and sex on the activity of independent components in rats.
	Table 2 Effects of prenatal VPA exposure and sex on brain connectivity in rats estimated by sparse inverse covariance estimation.




