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A B S T R A C T

Autism spectrum disorder (ASD) is a group of neurodevelopmental disorders with an incidence four times higher
in boys than in girls. By analyzing the effect of sex in a mouse model of ASD, we were able to identify immune
alterations that could underlie this sex bias.

Pregnant mice were injected subcutaneously with 600mg/kg of valproic acid (VPA) or saline at gestational
day 12.5. Their male and female offspring were evaluated in a social interaction test at adulthood, and only male
VPA mice showed reduced sociability levels and a lack of preference for the social stimulus over a novel object.
We then analyzed the corticosterone (CORT) response to an inflammatory stimulus, as a measure of the hy-
pothalamus-pituitary-adrenal (HPA) function, and the neuroinflammatory state in adult and young animals.
Adult VPA males exhibited increased basal CORT levels, while VPA females showed levels comparable to con-
trols. As male mice showed a blunted CORT response at PD21 when compared to female mice, we propose that
this early dimorphism could explain the different effects of VPA on HPA function. In addition, prenatal VPA
exposure resulted in altered astroglial and microglial cell density levels in the cerebellum and dentate gyrus of
adult mice. These neuroinflammatory effects were more pronounced in females than males, and appeared at
early developmental stages. Hence, these postnatal glial density differences could underlie the behavioral al-
terations observed in adulthood, when only males show a social deficit.

Our work contributes to the understanding of biological mechanisms affected by VPA on male and female
rodents and shed light on the study of possible resilience mechanisms in the female population and/or sus-
ceptibility to ASD in boys.

1. Introduction

Autism spectrum disorder (ASD) is a group of neurodevelopmental
pathologies characterized by impairments in social interaction and
communication, and also by the presence of repetitive or stereotyped
behaviors and interests (American Psychiatric Association, 2013). Re-
cently, the number of diagnosed children has increased and reached
values up to 1 in 38 (Kim et al., 2011; Zablotsky et al., 2015). One of the
most conspicuous biological factors associated with these disorders is
the sex difference: more than 80% of the children diagnosed with ASD
are boys (Centers for Disease Control and Prevention, 2009). Authors
have proposed that this bias is due to the altered expression of genes

located in sex chromosomes or abnormal exposure to sex hormones
[reviewed in (Schaafsma and Pfaff, 2014)]. Here we tested an alter-
native hypothesis: that an environmental factor associated with ASD
(prenatal exposure to VPA) can differentially affect male and female
subjects. This can be interpreted also as a two-hit hypothesis, similar to
the three-hit model were a genetic factor (Cntnap2 expression), an
environmental factor (maternal immune activation) and sex are com-
bined to modulate social recognition (Schaafsma et al., 2017).

In children, prenatal exposure to the anticonvulsant valproic acid
(VPA) can increase up to 10-fold the risk to develop ASD (Rasalam
et al., 2005). Supported by this clinical evidence, the prenatal admin-
istration of VPA at gestational day (GD) 12.5 has been extensively used
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as a rodent model of ASD. VPA animals show a reduction in sociability
(Lucchina and Depino, 2014) and increased stereotyped behaviors
(Schneider et al., 2008), in addition these animals present several cel-
lular and molecular alterations also observed in ASD individuals (de
Theije et al., 2014; Lucchina and Depino, 2014). Interestingly, de-
creased sociability, increased repetitive behaviors, and anxiety-related
behaviors have been observed in VPA males (Kim et al., 2013; Lucchina
and Depino, 2014; Schneider et al., 2008), but not in females prenatally
exposed to VPA (Kataoka et al., 2013; Kim et al., 2013; Schneider et al.,
2008). We (Kazlauskas et al., 2016; Lucchina and Depino, 2014) and
others (Schneider et al., 2008) have also found immunological altera-
tions in the VPA model of ASD, similarly to immune alterations ob-
served in people with ASD (Vargas et al., 2005). Some of these im-
munological alterations also show differences in their expression in
male and female animals (Schneider et al., 2008). It has been reported
that children with ASD have increased cortisol responses to environ-
mental and social stressors (Corbett et al., 2006; Spratt et al., 2012).
This augmented response could result from altered perception and/or
interpretation of stressful stimuli, or a consequence of altered hy-
pothalamus-pituitary-adrenal (HPA) axis function. In turn, cortisol can
affect immune function. We have previously shown a normal corticos-
terone (CORT) response to an intraperitoneal LPS challenge in young
VPA females [from postnatal day 7 to 42; (Kazlauskas et al., 2016)], but
an exacerbated CORT response in adult VPA males in a C57BL/6 J x
Balb/c F1 (Lucchina and Depino, 2014).

Due to unbalanced incidence of ASD in males to females
(Fombonne, 2003), animal studies tend to be carried out mainly in male
subjects. Our aim here was to characterize the effects of VPA on male
and female mice, directly testing the effect of sex on social interaction,
the corticosterone (CORT) basal levels and in response to an in-
flammatory stimulus, and the neuroinflammatory state. Moreover, we
performed these experiments on adult mice and at postnatal day (PD)
21, a critical age regarding neuroinflammatory alterations in animals
prenatally exposed to VPA (Kazlauskas et al., 2016) when social deficits
can already be observed (Campolongo et al., 2018). We reasoned that if
CORT response and neuroinflammation contribute to VPA effects on
sociability, they should be differentially expressed in males and fe-
males. In addition, by studying young and adult animals we expected to
evidence specific neuroimmune alterations that could mediate the de-
velopment and/or the manifestation of social behavior. We consider
that studying female subjects in animal model research can help un-
derstanding the particularities of ASD symptoms observed in girls, and
also give evidence on possible resilience mechanisms in the female
population.

2. Material and methods

2.1. Animals

Outbred CrlFcen:CF1 female and male adult mice were obtained
from the animal house at the Faculty of Exact and Natural Sciences,
University of Buenos Aires (Buenos Aires, Argentina). We chose this
outbred stock because 1) these animals have better breeding perfor-
mance than inbred strains, 2) they show reliable intermediate levels of
social behavior, allowing the detection of increases and decreases in the
behavioral parameters evaluated, and 3) VPA does not alter litter size
nor gestation time in CF1 dams. The VPA model was generated as
previously described (Campolongo et al., 2018; Kazlauskas et al.,
2016). 8–10 week-old male mice were mated with nulliparous adult
female mice. Females were controlled every morning, and the day when
a vaginal plug was detected was considered the gestational day (GD)
0.5. On GD12.5, pregnant mice were randomly injected subcutaneously
with either 600mg/kg of valproic acid sodium salt (VPA; Sigma, St.
Louis, MO,USA) in 0.9% NaCl or with vehicle (Veh), and housed in-
dividually. The parturition day was registered as postnatal day 0 (PD0),
and the cage bedding was not changed during the first postnatal week

to avoid nest alterations. On PD21, litters were weaned in cages con-
taining 4–5 animals of the same sex and treatment. Offspring belonging
to the same treatment group were mixed at weaning to reduce the
litter+ cage effect. Four cohorts of animals were used for the experi-
ments: the first and second cohorts were used for social behavior
testing, immunofluorescence and radioimmunoassay (RIA) studies in
adult animals. Both of these cohorts were composed of 8 VPA and 8 Veh
litters. The third cohort was used for PD21 immunofluorescence and
RIA analyses and consisted of 5 VPA and 5 Veh litters. The fourth cohort
was used for RT-PCR analysis. In each litter, 2–3 animals per sex were
randomly chosen for behavioral testing. For all other analyses, one fe-
male and one male were randomly chosen from each litter and assigned
to adult or PD21 RIA, immunofluorescence or RT-PCR analyses. All
animals were housed on a 12:12 light:dark cycle and 18–22 °C tem-
perature, with food and water ad libitum. All animal procedures were
performed according to the regulations for the use of laboratory ani-
mals of the National Institute of Health (Washington, DC, USA) and
approved by the institutional animal care and use committee of the
Faculty of Exact and Natural Sciences, University of Buenos Aires
(CICUAL Protocol Nr. 6/2012).

2.2. Sociability testing

The social interaction test was performed on 8–10 weeks old mice
during the light period (between 9:00 and 16:00 h), as previously de-
scribed (Campolongo et al., 2018). We tested 15 Veh males, 18 VPA
males, 12 Veh females and 11 VPA females. Briefly, the test consists of a
habituation period of 5min, when the mouse is allowed to freely ex-
plore the experimental arena, followed by a testing period of 10min.
Between both phases, a juvenile mouse (21–28 days old) subject was
placed in one of the cylinders, and a small object was placed in the
opposite cylinder as a control. The compartment with the juvenile
mouse was named “social side”, and the compartment with the object
“non social side”. The social side was randomly chosen. After testing,
each mouse was identified and placed in a holding cage until all ani-
mals in a cage were tested. The testing order of each cage was randomly
established. Each apparatus was cleaned with 20% ethanol solution
between sessions to eliminate odors and waste. Male and female mice
were tested on different days, and the sex of the social stimulus and the
experimental mouse was matched to prevent sexual or aggressive in-
teractions. The trials were recorded and the time the subject spent
sniffing the social stimulus was quantified manually using a video-
tracking system (ANY-maze, Stoelting, IL, USA). All manual scoring was
performed by an experimenter (N.K.) blinded to treatment groups.
Sociability was calculated as the percentage of time the animal spent
sniffing the social stimulus divided by the total time it spent sniffing the
cylinders (social + non social).

2.3. Histological analyses

2.3.1. Tissue preparation
Five animals per experimental group were randomly chosen from

the first and second cohorts and sacrificed one week after social inter-
action test (between PD67 and PD77) for histological analyses. From
the third cohort, five animals per experimental group were sacrificed at
weaning (PD21). Animals were deeply anesthetized (i.p. 80 mg/kg ke-
tamine chlorhydrate and 8mg/kg xylazine), and transcardially per-
fused with heparinized saline followed by cold 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PB), pH=7.2. The brains were re-
moved and placed in PFA for 4 h at 4 °C and then cryopreserved in a
30% sucrose solution in PB at 4 °C. All brains were frozen with iso-
pentane and 40 μm sections were obtained with a cryostat (Leica
Biosystems, Nussloch, Germany) and stored at −20 °C. The brains were
sectioned in the coronal plane, whereas the cerebella were sectioned in
the sagittal plane.
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2.3.2. Astroglia and microglia quantification
Astroglial and microglial analyses were performed as previously

described (Kazlauskas et al., 2016), using the primary antibody rabbit
anti-glial fibrillary protein (GFAP; 1:700, DAKO, Glostrup, Denmark)
for astroglial analysis and rabbit anti-Iba1 primary antibody (WAKO,
Osaka, Japan) for microglial analysis. We classified microglial cells
according to their morphology as previously described (Kazlauskas
et al., 2016): Ramified: rod-shape cells with long and thin processes;
Hypertrophic: ovoid cells with short and thick processes: and Ameboid/
Round: macrophage-like round cells. Confocal microscopy photographs
were obtained with a Confocal Olympus FV300/BX61 microscope
under 400× magnification. Z stack images were taken 1 μm apart and
analyzed with Olympus Fluoview 2.0 viewer. For each marker, between
3 and 5 sections per animal were analyzed to obtain the cellular density
in each brain structure. The dorsal hippocampus (bregma -1.46 mm to
-2.46 mm) and the vermis of cerebellum (lateral -1 mm to 1mm) were
studied. Maximum intensity of Z-stack projections were obtained and
Sholl analysis was performed as previously described (Norris et al.,
2014) using the Sholl Analysis tool in Fiji (Ferreira et al., 2014). 4–7
animals per treatment were used.

2.3.3. Morphometric studies
Every sixth sagittal section of the cerebellum was stained with cresyl

violet and observed using a microscope (Olympus CX31, Buenos Aires,
Argentina) and an Infinity1 camera (Lumera Corporation, Ottawa, ON,
Canada). All measurements were performed with the aid of Fiji soft-
ware (Schindelin et al., 2012), drawing the perimeter of lobule 7 (L7) to
obtain the area, a line at the apex of L7 to measure the thickness of the
molecular layer, and the perimeter of Purkinje cells (PCs) to calculate
the PC size. The linear density of PCs was determined as the number of
neurons counted along a line drawn on the PC layer. Examples are
shown in Supplementary Fig. 1. Measurements were performed in three
sections per animal, and 3–5 animals per experimental group were
used.

2.4. LPS challenge

Mice that had not been behaviorally tested were injected in-
traperitoneally with 25 μg/kg lipopolysaccharides (Escherichia coli LPS,
serotype 0111:B4, Sigma-Aldrich, St. Louis, USA) or with sterile saline
solution (SAL) between PD60 and PD67 (first and second cohort), or at
PD21 (third cohort). Animals were challenged between 9:00 and 10:00
am, to avoid the effect of normal corticosterone circadian variations.
Animals were deeply anesthetized and sacrificed two hours after LPS
injection, when there is a peak in circulating corticosterone levels
(Pitossi et al., 1997). Animal’s trunk blood was collected from the heart
in heparinized tubes.

2.5. Corticosterone radioimmunoassay (RIA)

Corticosterone plasma levels were measured by means of RIA as
previously described (Kazlauskas et al., 2016; Lucchina et al., 2010).
The assay was performed following the RIA protocol provided by the
anti-corticosterone antibody manufacturer (C8784, Sigma-Aldrich, St.
Louis, USA) using 3H-corticosterone (1,2,6,7-3H(N)-corticosterone,
Perkin-Elmer, Waltham, MA, USA).

2.6. Real time PCR

Animals from the fourth cohort were sacrificed by cervical dis-
location between PD60 and PD67, and cerebellar tissue was rapidly
removed and frozen in liquid nitrogen. RNA purification and reverse
transcription were performed as previously described (Depino et al.,
2005). Real-time PCR was carried out on cDNA using the SYBR-green I
fluorescence method (Lucchina and Depino, 2014), in a StepOnePlus
Real-Time PCR System (Thermo Fisher Scientific). Standard curves

were run along with the samples, and calculated cDNA dilution values
were normalized with cDNA levels of β-actin in the same samples. We
used the following primers: Arg-1, forward 5′-GTGAAGAACCCACGGT
CTGT, reverse 5′- GCCAGAGATGCTTCCAACTG; IL-1β, forward 5′-
ACAGAATATCAACCAACAAGTGATATTCTC, reverse 5′- GATTCYYYC-
CTTTGAGGCCCA; β-actin, forward 5′- CCACACCCGCCACCAGTTC, re-
verse, 5′- GACCCATTCCCACCATCACACC. All samples were run in tri-
plicates. Specificity was controlled by melting curves and
electrophoresis on agarose gels.

2.7. Statistical analysis

Sample sizes were estimated based on similar, previously conducted
studies. No statistical methods were used to determine sample size.
Data graphs were created using GraphPad Prism (Version 5; GraphPad
Software Inc., La Jolla, CA) and results are presented as mean+ SEM.
For the social interaction test, where animals from the same litter were
evaluated, a nested two-way analysis of variance (ANOVA) was used
with litter as a subgroup, using InfoStat software (Version 2016,
InfoStat Group, Córdoba National University, Córdoba, Argentina). To
compare the time spent in each of the arena’s compartment, a paired
Student’s t-test was used. For the RIA, glial cell, morphometric and RT-
PCR analyses, only one animal per litter was used; hence, two or three-
way ANOVA of normally distributed data was performed using the
Statistica software (Version 8, StatSoft Inc., Tulsa, OK, USA). Whenever
appropriate, Fisher’s LSD posthoc test was used as not all pairwise
comparisons were made. Normality was confirmed by the D’Agostino &
Pearson omnibus normality test. The statistical designs and outcomes
are outlined in Supplementary tables 1-6. In all cases, statistical sig-
nificance was assumed where p < 0.05.

3. Results

3.1. Prenatal VPA administration reduces sociability levels only in male
mice

One of the main behavioral alterations of ASD is the social inter-
action deficit. It was previously shown that prenatal exposure to VPA
results in reduced sociability in male mice [e.g. (Campolongo et al.,
2018)]. Here, we analyzed male and female littermates, to compare
both the effects of sex and VPA prenatal treatment on social interaction
levels in mice (Fig. 1A). Animals were exposed to a novel, young, sex-
matched animal in the social interaction test, and we quantified the
time the test mouse spent sniffing the social stimulus or the novel object
(Fig. 1B). Female mice showed a preference for exploring the social
stimulus over the novel object, regardless of the prenatal treatment
(Paired Student’s t test, female Veh: t(12) = 2.633, p= 0.022; female
VPA: t(10) = 2.577, p= 0.028). Male control mice also showed this
preference (t(14) = 3.801, p= 0.002), but males prenatally exposed to
VPA spent a similar amount of time exploring the social and the non
social novelties (t(17) = 1.558; p= 0.138). To specifically test the effect
of sex on sociability and its interaction with the prenatal treatment, we
calculated the percentage of time that each animal spent exploring the
social stimulus (Fig. 1C). A nested two-way ANOVA showed a prenatal
treatment effect (F(1, 40)= 6.37, p= 0.025) and a sex effect (F(1,
40)= 4.13, p= 0.045). While male VPA mice showed reduced socia-
bility levels, female VPA mice explored the social stimulus similarly to
female Veh mice. These results show that prenatal VPA administration
affects social interaction levels in a sex-specific manner in adult ani-
mals.

3.2. Prenatal VPA exposure affects peripheral inflammatory response in
male but not in female offspring

LPS injection has been widely used to mimic a bacterial infection,
triggering an acute inflammatory response. To evaluate the peripheral
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immune response in male and female offspring, we measured corti-
costerone (CORT) levels 2 h after a LPS or saline (SAL) intraperitoneal
injection (Fig. 1A). CORT is the main hormonal output of the hy-
pothalamus-pituitary-adrenal (HPA) axis, which is activated by per-
ipheral LPS challenge (Lucchina and Depino, 2014) and affected in
various psychiatric disorders and animal models with altered sociability
(Sandi and Haller, 2015).

LPS injection activated the HPA axis in all animals, causing higher
CORT release, as expected (Fig. 2). However, a three-way ANOVA re-
vealed a sex effect (F(1, 34)= 10.14, p= 0.003), an inflammatory
challenge effect (F(1, 34)= 120.01, p < 0.001) and an interaction be-
tween sex, prenatal treatment and inflammatory challenge (F(1,
34) = 7.14, p= 0.012). In particular, CORT basal levels were altered by
VPA exposure in a sex-specific way: Male VPA-SAL mice showed higher
CORT levels than Veh-SAL males, and also than VPA-SAL females.
Conversely, basal CORT release was similar in VPA and Veh females
(Fig. 2).

These results show that basal CORT levels are increased only in VPA
male offspring, whilst all animals show a normal HPA axis response to
this inflammatory challenge.

3.3. VPA administration affects the neuroinflammatory state in adult
animals in a sex-specific manner

With the aim to characterize the central inflammatory state, we
studied astroglial and microglial activation in adult offspring of VPA-
and Veh-injected dams. We quantified the cell density of astrocytes and
the GFAP-positive area, and the cell density of each microglial cell type
to estimate activation levels. We focused our analysis on the cere-
bellum, as we have previously observed alterations in glial cells in this
area (Kazlauskas et al., 2016; Lucchina and Depino, 2014), and it can
modulate social behavior (Lucchina and Depino, 2014). In addition, we
evaluated glial cells in the hippocampus to assess the specificity of the
alterations observed, comparing the cerebellum with another region
involved in social behavior (Depino et al., 2011), which also shows glial
cells alterations during postnatal development after VPA exposure
(Kazlauskas et al., 2016).

3.3.1. Cerebellum
We have previously shown that eliciting inflammation in the lobule

7 of the cerebellum results in reduced sociability in the mouse
(Lucchina and Depino, 2014). To evaluate if prenatal VPA can affect
differently female and male cerebella, we studied astroglial and mi-
croglial activation in the adult lobule 7 of both sexes. We subdivided
this region into the molecular and granular cell layers and counted the
number of microglial cells. As the morphology of the cerebellar astro-
cytes prevented us from distinguishing one cell from another, we
measured the GFAP-positive area.

For astrocytes (Fig. 3A-D), a two-way ANOVA revealed a VPA effect
on the molecular layer (F(1, 14) = 4.63, p= 0.049): female VPA mice
show a bigger GFAP-positive area than Veh females (Fig. 3A). Also, we
found a sex effect on the granular cell layer (F(1, 14) = 10.38, p=
0.006), as VPA females show an increased GFAP-positive area when
compared to male VPA mice (Fig. 3B).

Results were very similar for microglia (Fig. 3E-O). We found a
prenatal treatment effect in the molecular layer for total and ramified
microglial cells (F(1, 14) = 4.74, p= 0.047; and F(1, 14)= 5.78, p=
0.031, respectively), where VPA animals showed increased cell density
levels (Fig. 3E). However, the density of hypertrophic microglial cells
was unaltered by prenatal treatment and similar in both sexes (Fig. 3E,
right panel). We found a tendency in the interaction between prenatal
treatment, sex and diameter for the number of branches in Sholl

Fig. 1. Prenatal exposure to VPA leads to re-
duced social interaction only in male mice. (A)
A timeline for the generation of VPA and con-
trol mice, their behavioral testing and plasma
and tissue preparation. (B) Time spent sniffing
the stimulus mouse (S) or the novel object (NS)
in a three-chamber social interaction test for
control (Veh) and VPA-exposed animals. Male
VPA mice do not show the typical social pre-
ference observed in all other groups. (C) VPA-
exposed males show a reduction in the per-
centage of time spent sniffing the stimulus
mice. Ns are specified within the bars in (C).
Paired Student’s t test: # p < 0.05, ##
p<0.01. Fisher’s LSD Test: ** p < 0.01.
Mean + SEM. S, social side; NS, non social
side.

Fig. 2. Male VPA mice show increased basal corticosterone levels in adulthood,
but a normal response to an inflammatory stimulus. All animals show a typical
increase in corticosterone (CORT) plasma levels 2 h after the administration of
an inflammatory stimulus (LPS). VPA-exposed males show increased CORT
levels when injected with saline (SAL). Ns are specified within the bars. Fisher’s
LSD Test: ** p < 0.01, *** p < 0.001. Mean + SEM.
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analysis (F(12, 168) = 1.80, p= 0.052), due to an increase in the
number of branches in VPA-exposed females (Fig. 3F, right). No dif-
ferences were observed in the size of the soma, although a tendency was
observed for an interaction between prenatal treatment and sex (F(1, 14)
= 1.80, p= 0.052) (Fig. 3G).

No alterations were observed for microglial cells in the granular cell
layer (Fig. 3H), although the same tendency of increased numbers of
total cells in VPA-exposed animals can be observed. Interestingly, an
interaction between prenatal treatment, sex and diameter was observed
after Sholl analysis (F(16, 224) = 2.43, p= 0.0021; Fig. 3I), with mi-
croglia of VPA-exposed males having less ramifications than control
males and VPA-exposed females more ramifications than Veh females.
These differences were observed in the smaller diameters, suggesting a
more hypertrophic phenotype in Veh males and VPA females. No dif-
ferences were observed in the size of microglia soma in this layer
(Fig. 3J).

Finally, no differences were observed in the levels of Arginase-1
mRNAs (Fig. 3P), but female mice expressed more IL-1β in the cere-
bellum, when compared with males, regardless of prenatal treatment
(F(1, 18) = 12.73, p= 0.002; Fig. 3Q).

These results show that male and female animals prenatally exposed
to VPA have altered astroglia and microglia in the adult cerebellum.
Even more, this effect appears to be higher in female animals in some
regions, such as the astrocytic activation in the granular cell layer.

However, some sex-related differences are unaltered by prenatal VPA
exposure, as can be observed for IL-1β mRNA levels in the cerebellum.

3.3.2. Hippocampus
Within the hippocampus, we analyzed the dentate gyrus (DG) and

CA1 region and estimated the GFAP-positive cell density and microglial
cell density. Only ramified cells are reported because we did not ob-
serve hypertrophic or ameboid/round cells in the majority of the ani-
mals studied. Results are presented in Fig. 4.

The DG was subdivided into three areas: molecular layer, granular
cell layer, and hilus. In the astroglial analysis, we found a prenatal
treatment effect in the granular cell layer (F(1, 15) = 5.48, p= 0.034),
where female VPA mice exhibit increased astrocyte cell density
(Fig. 4C). Similar results were found for microglia, as the statistical
analysis revealed a prenatal treatment effect in the molecular layer (F(1,
19)= 10.16, p= 0.005), where VPA females present increased density
of microglial cells (Fig. 4B). A sex effect was found in the hilus, both for
astroglial (F(1, 15)= 22.83, p < 0.001) and microglial (F(1,
19)= 28.84, p < 0.001) cell density analyses. Interestingly, females
present higher astrocyte density than males (Fig. 4E), but decreased
microglial cell density (Fig. 4F).

CA1 was also subdivided into three areas: stratum oriens, pyramidal
cell layer and stratum radiatum. We found no differences in astroglial or
microglial cell density in the stratum oriens (Figs. 4G-H) or stratum

Fig. 3. VPA effects on glial activation in the lobule 7 of the cerebellum are more pronounced in adult female mice. GFAP-positive area was quantified in the
molecular layer (A) and granular cell layer (B) of the lobule 7 of the cerebellum. Representative confocal microscopy photographs of anti-GFAP immunofluorescence
performed on female Veh (C) and VPA (D) mice. Analysis of microglia was performed in the molecular (E–G) and granular cell layer (H–J). Total cell number (E and
H) is mainly composed of ramified cells (left panels), while few hypertrophic cells are observed (right panels). Sholl analysis (F and I) and soma size measurements (G
and J) are shown. Representative confocal microscopy photographs of anti-Iba1 immunofluorescence performed on male Veh (K) and VPA (L) and female Veh (M)
and VPA (N) mice. Arrows show examples of ramified microglia, and arrowheads of hypertrophic cells. Scale bar, 50 μm. GCL, granular cell layer; ML, molecular
layer. Sholl analysis for the microglia marked with an arrow in K is performed by creating the binary image to calculate the number of branches (O). N=4–5 mice
per group. Arginase-1 (P) and interleukin-1β (Q) expression were quantified by RT-PCR. N=5–7 mice per group. Prenatal treatment effect in ANOVA: # p < 0.05.
Fisher’s LSD Test: * p < 0.05. Pairwise comparisons between Veh and VPA: + p < 0.05, ++ p < 0.01. Mean + SEM.
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radiatum (Fig. 4K-L), but a sex effect on microglial cell density in the
pyramidal cell layer (F(1, 19)= 8.62, p= 0.009), where female VPA
mice show higher cell density than males (Fig. 4J).

These results show that prenatal VPA treatment generates an in-
crease both in astroglial and microglial cell density levels in the DG,
which appear to be more pronounced in female mice. These results go
in the same line of those observed in the cerebellum.

3.4. The peripheral inflammatory response and cerebellar glial cells show
sex differences at PD21

So far, we have shown that VPA administration affects sociability,
peripheral inflammatory response and the neuroinflammatory state in a
sex-specific manner in adult animals. We aimed to explore if these sex
differences were present in early stages of development, or alter-
natively, they aroused in adulthood. In a previous study (Kazlauskas
et al., 2016), we found evidence that neuroinflammatory signs emerge
during the postnatal period in female VPA mice and become evident at
PD21. Moreover, at PD21 male offspring prenatally exposed to VPA
shows altered sociability (Campolongo et al., 2018). So, we evaluated
the peripheral inflammatory response and neuroinflammatory state in
both male and female mice at PD21 (Fig. 5A).

3.4.1. Peripheral inflammatory response
At PD21, basal CORT levels were similar in male and female mice,

and the statistical analysis revealed an inflammatory challenge effect
(F(1, 32)= 37.23, p < 0.001) due to increased CORT release after LPS
injection in all animals (Fig. 5B). Although both Veh and VPA female
mice showed a significant HPA axis activation, the LPS-induced CORT
release in PD21 males did not reach significance, showing a

hypoactivation of the HPA axis when compared to females. Indeed, we
found a sex effect (F(1, 32) = 10.24, p= 0.003) and an interaction be-
tween sex and inflammatory challenge (F(1, 32)= 6.43, p= 0.016), due
to a higher inflammatory response both in Veh and VPA females than in
males (Fig. 5B).

These results show sex differences in the response to inflammatory
stimuli in young animals. However, this disparity is not affected by
prenatal exposure to VPA. When compared with adult animals, we
observed a different pattern of CORT levels: the female higher response
at PD21 is followed by a lower response in adult females. In addition,
the higher basal CORT levels observed in adult males is not observed in
younger (PD21) animals.

3.4.2. Astroglia and microglia
3.4.2.1. Cerebellum. A two-way ANOVA showed a strong statistical
tendency for a VPA effect on GFAP-positive area in the molecular layer
of the lobule 7 (F(1, 15)= 4.28, p= 0.056) and a significant interaction
between sex and prenatal treatment (F(1, 15)= 7.67, p= 0.014).
Control females showed an increased astrocyte area, while VPA
reversed this sex effect (Fig. 5C). The results were similar for the
granular cell layer, where we also found a significant interaction
between sex and prenatal treatment (F(1, 15) = 11.36, p= 0.004)
and a decreased GFAP-positive area in VPA females (Fig. 5D).

Microglial cell density levels were altered in the molecular layer of
the cerebellum, as a VPA effect was found for total and ramified mi-
croglial cells (F(1, 15)= 6.74, p= 0.020, and F(1, 15)= 5.27, p= 0.037,
respectively). VPA animals showed higher microglial cell density levels
than Veh mice, but only VPA females showed a significant increase in
ramified cell density levels (Fig. 5E). A sex effect was found for hy-
pertrophic cell density in the molecular layer (F(1, 15)= 15.83, p=

Fig. 4. Prenatal VPA exposure affects glial activation in the female dentate gyrus of the hippocampus. Astrocyte and microglia cell densities were quantified in the
molecular layer (A and B), granular cell layer (C and D) and hilus (E and F) of the dentate gyrus, and in the stratum oriens (G and H), pyramidal cell layer (I and J) and
stratum radiatum (K and L) of CA1. Ns are specified within the bars in (K) and (L). Fisher’s LSD Test: * p < 0.05, ** p < 0.01, *** p < 0.001. Mean + SEM.
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0.001), where males presented more of these cells (Fig. 5E, right). VPA-
exposed males also presented microglial cells with more branches in the
inner circles of Sholl analysis, suggesting a more hypertrophic pheno-
type in this area (Fig. 5F, left). We found no effect of VPA or sex on the
size of microglia soma in the cerebellum of PD21 mice (Fig. 5G).

We observed no alterations in total and ramified microglial cell
density levels in the granular cell layer (Fig. 5H, left). However, a sex
effect was found for hypertrophic cells (F(1, 15)= 43.39, p < 0.001),
where males presented more of these cells than females (Figs. 5H,
right). In this region microglial cells also showed more branches in the
VPA males (Fig. 5I, left). The size of the microglia soma was smaller in
males than in females (F(1, 15) = 29.23, p < 0.001; Fig. 5J).

As in the case of adult male mice, at PD21 male VPA mice did not
show remarkable alterations in glial activation in the lobule 7 of the
cerebellum. On the contrary, female VPA mice showed increased ra-
mified microglial cell density in the molecular layer and decreased
GFAP-positive area both in the molecular and granular cell layers of the
cerebellum. These results show that glial alterations in the cerebellum
in female VPA animals appear at early developmental stages.
Remarkably, the reduced GFAP-positive area observed in PD21 VPA
female mice is followed by an increase in these animals in adulthood,
suggesting a compensatory effect.

3.4.2.2. Hippocampus. Two-way ANOVAs showed a sex effect on the
density of GFAP-positive cells in all regions (DG-Molecular layer: F(1,
15) = 4.511, p= 0.051; DG-Granular cell layer: F(1, 15)= 65.616, p <
0.001; DG-Hilus: F(1, 15)= 10.119, p= 0.006; CA1-Stratum oriens: F(1,
15) = 8.570, p= 0.010; CA1-Pyramidal cell layer: F(1, 15)= 19.016,
p < 0.001; CA1-Stratum radiatum: F(1, 15)= 12.752, p= 0.003), with

female mice having more astroglial cells than males (Supplementary
Fig. 2).

Conversely, microglial cell density showed a sex effect in the DG-
Granular cell layer (F(1, 16)= 13.706, p= 0.002), the CA1-Stratum
oriens (F(1, 16)= 8.787, p= 0.009) and the CA1-Stratum radiatum (F(1,
16)= 13.015, p= 0.002), with female mice having less microglial cells
than males (Supplementary Fig. 2D, H and L). In addition, we observed
a prenatal treatment effect in the DG-Molecular layer (F(1, 16)= 5.997,
p= 0.026) and the DG-Hilus (F(1, 16)= 12.437, p= 0.003), with VPA-
exposed animals having more microglial cells than control offspring
(Supplementary Fig. 2B and F).

These results show that female mice present more astrocytes in the
hippocampus at PD21 than male littermates and suggest that microglial
cells in the dentate gyrus are affected by prenatal exposure to VPA in
both sexes at this age. In the hippocampus, a similar pattern of VPA
effects are observed in young and adult animals.

3.5. Absence of neuronal alterations in the cerebellum of adult VPA-exposed
mice

A previous study has shown that animals exposed to maternal im-
mune activation (MIA) have less Purkinje cells (PCs) in the lobule 7 (L7)
of the cerebellum (Shi et al., 2009). MIA also leads to reduced socia-
bility (Malkova et al., 2012). We evaluated the effect of VPA exposure
on cerebellar neurons.

We found no effect of prenatal VPA exposure on the area of L7
(Fig. 6A) or the size of PCs (Fig. 6C). However, we found an interaction
between prenatal treatment and sex on the thickness of the molecular
layer (ML) at the apex of L7 (F(1, 15)= 4.73, p= 0.046), with female

Fig. 5. Females show a higher peripheral inflammatory response than males at PD21, and a differential glial response to VPA. (A) Experimental timeline for the
analyses of young animals. (B) All animals show a typical increase in corticosterone (CORT) plasma levels 2 h after the administration of an inflammatory stimulus
(LPS), but this increase is higher in females than males. N=5 mice per group. GFAP-positive area was quantified in the molecular layer (C) and granular cell layer
(D) of the lobule 7 of the cerebellum, where control females show the highest values. Analysis of microglia was performed in the molecular (E–G) and granular cell
layer (H–J). VPA animals show an increase in microglial cell density in the molecular layer (E, left) but not in the granular cell layer (H, left). More hypertrophic cells
are observed in males (E and H, right panels). Sholl analysis shows increased ramification of VPA male microglia (F and I). Microglia soma size is larger for female
animals in the granular cell layer (J), but not the molecular layer (G). N=4–5 mice per group. Fisher’s LSD Test: * p < 0.05, ** p < 0.01, *** p < 0.001. Pairwise
comparisons between Veh and VPA: + p < 0.05, ++ p < 0.01. Mean + SEM.
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mice prenatally exposed to VPA having a thicker ML than male litter-
mates or control females (Fig. 6B). Finally, we found no effect of pre-
natal treatment on PCs density, but female mice have less PCs than male
littermates (sex effect, in L5: F(1, 13)= 20.94, p= 0.0005; in L6: F(1,
13) = 13.58, p= 0.0027; and L7: F(1, 13)= 17.27, p= 0.0011; Fig. 6D-
F). Representative photomicrographs of Nissl-stained cerebella where
L7 is outlined are shown in Fig. 6G.

These results suggest that the glial alterations observed in the L7 of
the cerebellum do not affect PCs. The increase in ML thickness in VPA
female mice could, however, result from the increase in glial cells ob-
served in these animals. The ML contains the dendritic trees of the PCs,
the axons of granule cells, and the inhibitory interneurons, so glia could
affect cerebellar function by affecting any of these cells.

4. Discussion

The results presented here show that female and male mice are
differently affected by prenatal exposure to VPA, showing an interac-
tion between this prenatal environmental factor and sex. Specific effects
are observed in very distinct parameters such as social behavior, per-
ipheral inflammatory response and central neuroimmunological cells.
In addition, we show that glial cells are sexually dimorphic, displaying
different densities and morphologies in male and female mice.

Although several effects of prenatal VPA exposure on female off-
spring have been reported (Hara et al., 2012; Kim et al., 2013; Mowery
et al., 2015; Perez-Pouchoulen et al., 2016; Schneider et al., 2008),
most of the studies using VPA-exposed animals have focused on males.
To our knowledge, this is the first time that a characterization of the
central and peripheral inflammatory status, and their comparison with
alterations in sociability, has been performed, emphasizing the study of
female subjects and contrasting them with their male siblings.

We observed an interaction between prenatal VPA exposure and sex
in sociability levels. In particular, male VPA mice showed decreased
sociability levels in the social interaction test, while VPA females
showed normal social exploration levels. These results agree with other
reports, in which reduced sociability has been observed in young and
adult VPA male rats but not in VPA females (Kim et al., 2013; Schneider
et al., 2008). This characteristic of the VPA model gives it strong value
to study mechanisms of resilience and susceptibility in biological pro-
cesses that modulate sociability, a behavioral domain affected in many
different psychiatric disorders in addition to ASD, including schizo-
phrenia, anxiety and depression. Worth to mention, however, the pre-
valence of ASD in children prenatally exposed to VPA is even in girls
and boys (Rasalam et al., 2005). A possible explanation for this dis-
crepancy could be the specific effects that can be achieved by a sole

injection of VPA at a critical age in development (GD12.5), an age when
another disrupting, environmental stimulus, i.e. maternal immune ac-
tivation, can also result in altered sociability in a sex-dependent manner
(Haida et al., 2019).

In addition, males prenatally exposed to VPA show elevated plasma
concentration of CORT when adults. Previous work has shown that
female rodents release more CORT than males both basally (Critchlow
et al., 1963) and upon restraint stress (Figueiredo et al., 2002). Hence,
increased CORT levels in VPA males is unusual and may have multiple
effects on the animals. CORT can affect brain development and the
consolidation of circuits relevant to behavior (McEwen, 2008). In par-
ticular, CORT could modulate the expression of CRH in the hippo-
campus, which has been correlated to changes in social recognition
(Schaafsma et al., 2017). Interestingly, our results show that the in-
creased CORT levels in males requires maturation over adolescence, as
male mice display a blunted HPA response to LPS at PD21, with no
alterations in the basal levels of CORT. How this alteration in CORT
levels is elicited by prenatal exposure to VPA and established during
adolescence to be evident in adult males, needs to be further explored.

The neuroinflammatory state was also differently affected by VPA in
males than in females. Interestingly, adult VPA females show a general
tendency to have more glial cells, both in the cerebellum and in the
hippocampus. Moreover, the increase in the number of branches of
cerebellar microglial cells suggests a more hypertrophic morphology in
VPA females. However, the temporal establishment of these differences
appears to be specific to each area. For example, in the cerebellum, VPA
females show less GFAP-positive area at PD21 and more as adults,
suggesting a compensatory effect. In addition, adult females prenatally
exposed to VPA have increased astrocyte cell density in the granular
cell layer and more microglial cells in the molecular layer of the DG.
These VPA effects are less evident at weaning, probably because at
PD21 sex differences are more salient and they may prevent us from
detecting significant effects of prenatal treatment in this experimental
design. Indeed, in a previous study we were able to detect a significant
effect of VPA on hippocampal glial cells during postnatal development
by only studying female offspring (Kazlauskas et al., 2016). The con-
tinuous presence of abnormal numbers of glial cells in the hippocampus
could be a consequence of VPA effects on either glial cells or neurons.

In contrast, the cerebellum and hippocampus of VPA male mice did
not show clear signs of glial activation at weaning or in adulthood. This
phenomenon could be due to differences in the glial response, as there
is a large amount of evidence of sex differences in glial morphology and
its correlation with neuronal morphology. We chose the postnatal age
PD21 based on our previous report showing more differences in female
VPA animals at that age (Kazlauskas et al., 2016). However, we may

Fig. 6. Female VPA mice show increased thickness of the molecular layer of the lobule 7 in the adult cerebellum, but normal Purkinje cell density. (A) Area of lobule
7 (L7) is similar in all animals. (B) Thickness of the molecular layer (ML) of the L7 is increased in female VPA mice. (C) Size of the Purkinje cells (PCs) of L7 is
unaltered by VPA treatment. Density of PCs in the lobule 5 (D), 6 (E) and 7 (F) is not affected by VPA treatment, but it is higher in male mice. (G) Representative
images of Nissl-stained cerebella, where the L7 is outlined. Scale bar, 0.2 mm. N=4–5 mice per group. Fisher’s LSD Test: * p < 0.05. Mean + SEM.
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have missed earlier differences in VPA males that could affect normal
development (Perez-Pouchoulen et al., 2015). Indeed, a critical period
for inflammation altering cerebellar development and social play in
males has been identified during the second postnatal week (Hoffman
et al., 2016).

Based on these results, we believe that prenatal VPA administration
causes sex-specific effects on social behavior and the inflammatory re-
sponse because it is acting upon different brain substrates. Naturally
present sexual dimorphisms could be generating different reactions
after the same stimulus during development, eliciting divergent long-
term consequences. For example, the normal development of microglial
progenitors could be altered by the early epigenetic effects of VPA. The
hyperacetylation wave after VPA administration at GD12.5 (Kataoka
et al., 2013) could generate a disruption in microglial migration and
CNS colonization, affecting also its morphology and function. Indeed,
there is a sexual dimorphism in the microglial colonization, morpho-
logical alterations and phagocytic action in the brain during develop-
ment (Perez-Pouchoulen et al., 2015; Schwarz and Bilbo, 2012). Given
the essential role that microglial cells fulfill during brain development,
this could affect its normal development and alter sociability (Paolicelli
et al., 2011; Zhan et al., 2014).

In adult animals, these differences could be exacerbated by the ac-
tion of sexual hormones, given that in general terms estrogens promote
glial activation while testosterone inhibits it (Barreto et al., 2007; Habib
and Beyer, 2015; Sierra et al., 2008). Indeed, females express higher
levels of IL-1β in the cerebellum than males, suggesting a general
proinflammatory sex-related bias. Moreover, we have observed glial
activation in female VPA mice, and not in males, throughout the
postnatal period and even in adulthood.

In summary, VPA administration produces sex-specific effects on
glial activation at PD21 and adulthood, and on basal CORT levels and
social behavior in adult animals. Along with our previous study of the
early postnatal period in females (Kazlauskas et al., 2016), these results
contribute to achieve an exhaustive characterization of inflammatory
alterations both in male and female animals prenatally exposed to VPA.
This complements previous studies conducted in male VPA mice
(Schneider and Przewlocki, 2005; Schneider et al., 2006) and allows us
to perform comparative analyses to facilitate the comprehension of the
mechanisms behind VPA effects in both sexes.

Our results show that prenatal exposure to VPA have different long-
term consequences on peripheral CORT response and neuroinflamma-
tion when male and female animals are compared. In brief, VPA induces
a neuroinflammatory state that is more pronounced in females.
However, only VPA males show the reduction in sociability. Thus, our
results suggest that the neuroinflammatory state previously observed in
people with ASD (Lee et al., 2017; Morgan et al., 2010; Vargas et al.,
2005) should be taken cautiously, as it could either reflect a patholo-
gical pathway, as observed in VPA male mice, or a defensive response,
as the one observed in VPA female mice. The precise linkage between
neuroinflammation and sociability needs to be further studied.

We hope that these studies could help identify resilient mechanisms
acting on females, which could explain the 4:1 incidence observed in
ASD. Moreover, they could contribute to our understanding of the
specific symptoms observed in girls with ASD. Finally, we cannot rule
out that there are factors giving a higher susceptibility to boys, which
could also be identified by this kind of studies.
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