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Autism spectrum disorder (ASD) is characterized by impairments in both social
communication and interaction and repetitive or stereotyped behaviors. Although its
etiology remains unknown, genetic and environmental risk factors have been associated
with this disorder, including the exposure to valproic acid (VPA) during pregnancy.
Resveratrol (RSV) is an anti-inflammatory and antioxidant molecule known to prevent
social impairments in the VPA animal model of autism. This study aimed to analyze
the effects of prenatal exposure to VPA, as well as possible preventive effects of
RSV, on sensory behavior, the localization of GABAergic parvalbumin (PV+ ) neurons
in sensory brain regions and the expression of proteins of excitatory and inhibitory
synapses. Pregnant rats were treated daily with RSV (3.6 mg/kg) from E6.5 to
E18.5 and injected with VPA (600 mg/kg) in the E12.5. Male pups were analyzed
in Nest Seeking (NS) behavior and in whisker nuisance task (WNT). At P30, the
tissues were removed and analyzed by immunofluorescence and western blotting.
Our data showed for the first time an altered localization of PV+ -neurons in primary
sensory cortex and amygdala. We also showed a reduced level of gephyrin in
the primary somatosensory area (PSSA) of VPA animals. The treatment with RSV
prevented all the aforementioned alterations triggered by VPA. Our data shed light
on the relevance of sensory component in ASD and highlights the interplay between
RSV and VPA animal model as an important tool to investigate the pathophysiology
of ASD.
Keywords: animal model, GABA, inhibition, parvalbumin, resveratrol, sensory, synaptic proteins, VPA
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(Spence and Schneider, 2009; Stoner et al., 2014; Khan et al.,
2015).
Given the abnormal sensory behaviors present in the
animal model of autism induced by VPA, we asked if the
neuronal organization in the primary somatosensory area
(PSSA) was affected by exposure to VPA. Interneurons have
a major role in brain circuits and organization, acting as
either switches or pattern generators and providing refinement
to the countless connections present in the brain (Xu
et al., 2010; Chu and Anderson, 2015). GABAergic neurons
expressing parvalbumin (PV+ -neurons) are the most common
interneurons in the cortex, comprising 40% of the total
interneuron population (Staiger et al., 2009; Xu et al., 2010;
Rudy et al., 2011) and playing important roles in social
memory, attention, integration of different sensory areas
(Gogolla et al., 2009; Unichenko et al., 2017) and notably
providing a relevancy filter in sensory processing (Yang et al.,
2017). Therefore, we addressed the question of whether the
PV+ -neuron distribution was altered in somatosensory cortex
and amygdala in the VPA model and if there was a concomitant
change in inhibitory and excitatory synaptic markers in this
region.
We recently showed that prenatal treatment with resveratrol
(RSV), a polyphenol compound presenting antioxidant and
anti-inflammatory properties, prevents altered social behavior in
the VPA animal model of autism (Bambini-Junior et al., 2014b).
Considering that the social impairments of the VPA animals
could be explained, at least partially, by excitatory/inhibitory
imbalance in the sensory cortices and amygdala, we asked if RSV
could prevent these alterations.

INTRODUCTION
Autism spectrum disorder (ASD) is a highly prevalent
neurodevelopmental condition affecting 1 in 68 children
aged 8 years in the USA (American Psychiatry Association
(APA), 2013) and is characterized, according to the DSM-5, by a
behavioral dyad composed by impairments in communication
and social interaction and repetitive or stereotyped behaviors
(American Psychiatry Association (APA), 2013). Although many
interesting theories have been recently proposed (Patterson,
2009; Lucchina and Depino, 2013; Sandin et al., 2014; Gottfried
et al., 2015), the ASD etiology remains unknown. This in turn
hinders the discovery of new biomarkers and treatments, making
ASD a significant individual and societal challenge (BambiniJunior et al., 2014a; Anderson, 2015; Hu et al., 2017; Masi et al.,
2017).
Autism has a high genetic heritability, which can be
demonstrated by the high agreement of ASD development in
monozygotic twins (reaching values of up to 90%; Dietert et al.,
2011), compared to a concordance rate of about 10% in dizygotic
twins (Miles, 2011; Yoo, 2015). In addition, some environmental
factors are also associated to ASD, including prenatal exposure
to valproic acid (VPA; Rodier et al., 1997; Christensen et al.,
2013; Smith and Brown, 2014). Thus, based on these clinical
observations, an animal model of autism by prenatal exposure
to VPA was developed. Since then, it has been extensively
validated, demonstrating a myriad of behavioral (Schneider and
Przewłocki, 2005; Haddad et al., 2009; Dendrinos et al., 2011;
Favre et al., 2013; Gottfried et al., 2013; Roullet et al., 2013;
Mabunga et al., 2015), molecular (Roullet et al., 2010; Gottfried
et al., 2013), morphological (Rodier et al., 1997; Dendrinos
et al., 2011; Favre et al., 2013; Gottfried et al., 2013) and
electrophysiological autistic-like features (Dawson et al., 2005;
Markram et al., 2008; Rinaldi et al., 2008).
Sensory impairments are one of the most prevalent
comorbidities associated with ASD and are identified in
more than 90% of patients (Geschwind, 2009). Indeed, hyperor hyporeactivity to sensory input have been used as one of
the four behavioral patterns observed to evaluate restricted,
repetitive patterns of behavior, interests, or activities in ASD
(American Psychiatry Association (APA), 2013). Common
deficits include hyper-responsiveness to non-harmful stimuli
(e. g., visual, tactile and auditory) and hypo-responsiveness to
harmful (nociceptive) stimuli (American Psychiatry Association
(APA), 2013). Studies investigating how sensory stimuli are
processed and integrated in patients with ASD and animal
models of autism are scarce. Yet, the impairments in the
perception of the environment possibly affect both social and
repetitive behaviors (Nienborg and Cumming, 2010; Dendrinos
et al., 2011; Wöhr et al., 2015) and the sensory deficits can also
be valuable for diagnostic purposes (Marco et al., 2011). The
prompted Ayres proposed a Sensory integration (SI) theory
to explain ASD and other neurological disorders (Cummins,
1991). Actually, previous studies showed correlations between
sensory misprocessing in cortical and subcortical regions with
altered excitatory/inhibitory balance and disorganization of
cortical columnar and laminar pattern in autistic individuals
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MATERIALS AND METHODS
Animals
Wistar rats were obtained from Center of Reproduction
and Experimentation of Laboratory Animals (CREAL) and
maintained under a standard 12/12-h light/dark cycle (light
cycle starting at 7 am and ending at 7 pm) at a constant
temperature of 22 ± 1◦ C. The animals had ad libitum access
to food and water, and were handled in accordance with the
guidelines established by the National Council for the Control of
Animal Experimentation (CONCEA) of Brazil. This project was
approved by the ethics committee of the Federal University of
Rio Grande do Sul (CEUA-UFRGS #31872) and by the Clinical
Hospital of Porto Alegre (HCPA-FIPE #160477).
Animals were mated overnight and pregnancy was verified
by next morning through presence of spermatozoa in the
vaginal smear. This was considered the embryonic day
0.5 (E0.5). Pregnant rats were divided into four groups
according to the treatment they received: Control, RSV,
VPA, or RSV+VPA. From E6.5 to E18.5, the pregnant
females received a daily subcutaneously injection of RSV
(Fluxome, Stenløse, Denmark) at 3.6 mg/kg or dimethyl
sulfoxide (DMSO, equivalent volume of RSV injection) as
previously described (Bambini-Junior et al., 2014b). On E12.5,
rats received a single intraperitoneal injection with either
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VPA at 600 mg/kg (Acros Organics, NJ, USA) or saline
solution 0.9%.

in PBS (the tissue was kept in each solution until complete
submersion).

Behavioral Tasks

Immunofluorescence
Brains were embedded in Tissue-Tekr and kept in −80◦ C
ultra-freezer until further processing. Coronal brain slices
(25 µm) were obtained in cryostat (Leica Microsystems
GmbH) and a rat brain atlas (Paxinos and Watson, 1997)
was utilized to identify sections containing the PSSA and
the amygdala. We obtained the slices both from PSSA and
amygdalar region according to the Paxinos rat atlas, using
the following markers: Bregma (anteroposterior): −3.48 mm,
interaural: 5.52 mm (Figure 62 from Paxinos rat atlas). After
the immunofluorescence protocol from these slices described
above, we delimited the regions as it follows: for PSSA we first
localized the CA2 hippocampal region. Then moved laterally
from this region until finding cortical border, where we can
find the barrel fields, a specific region for whisker sensory
processing. We localized the layer II/III and IV/V examining
the cytoarchitecture of neuronal composition positive to NeuN
labeling, as described in literature (Narayanan et al., 2017).
For amygdalar region, we first localized the external capsule,
a white matter region easily identified by DAPI staining.
Then, we moved dorsoventrally to the end of this white
matter region and, medially to this point, we identified lateral
amygdalar region. We consider the amygdalar region since the
histological contour of lateral amygdalar complex is difficult to
determine.
The immunostaining procedure was performed in the
following steps: (1) exposure to vapors of 4%-paraformaldehyde
(10 min); (2) three washes with PBS 0.1 M buffer (5 min
each); (3) permeabilization with PBS-Triton 0.1% (10 min);
(4) three washes with PBS 0.1 M buffer (5 min each); (5) antigen
retrieval suing citrate buffer at 60◦ C (1 h); (6) two washes
with PBS-Triton 0.1% (5 min each); (7) blocking with BSA
5% in PBS-Triton 0.1% (1 h); (8) incubation with primary
antibodies—diluted to 1:500 in blocking solution—for 48 h at
4◦ C; (9) five washes with PBS 0.1 M buffer (3 min each);
(10) incubation with both secondary antibodies anti-mouse and
anti-rabbit—diluted to 1:2000 in blocking solution) for 2 h at
room temperature; (11) five washes with PBS 0.1 M buffer (3 min
each); (12) incubation with DAPI solution (10 min); and (13) five
washes with PBS 0.1 M buffer (3 min each) followed by addition
of mounting medium with fluorshield and coverslip. The list of
antibodies used in this work is available in the Supplementary
Table S2.
Images were obtained with at least eight times per image
(dimension: 635.9 × 635.9 microns) in a confocal microscope
(Olympus FluoView FV1000 confocal laser scanning) of the
Electron Microscopy Core. Processing and quantification of
all tomes obtained from two to four tissue sections per glass
slide were performed using the ImageJ software with the Cell
Counter plug-in. The neuronal quantification results are shown
in absolute number of NeuN+ labeled cells (total neuronal
cells), PV+ and NeuN+ labeled cells (PV-neuronal cells) and
in density of PV+ -neuronal cells (which is the ratio between
absolute number of PV+ -neuronal cells by the total number of

Nest Seeking Behavior
We assessed the nest-seeking (NS) response mediated by
olfactory discrimination as described previously (Schneider and
Przewłocki, 2005) at the postnatal day 10 (P10). All litter
(males and females) was evaluated, since sex is very difficult
to determine during behavioral tests before P10 and one
would have to manipulate the litter, which could introduce a
stress component. The apparatus used was a plastic container
(30 × 20 × 13 cm) that was divided in thirds and had the
lateral sections covered with wood shavings, but leaving a clear
uncovered center. One side is filled with the home-cage bedding
(nest shavings) and in the other side with sterilized shavings. The
pup was placed in the center of the apparatus and the latency
to reach the nest shavings and the time to make any choice
was registered. The total time of the test was limited to 60 s.
In order to maintain the smell of the litter/mother, we did not
change the shavings in the home-cage in the 2 days preceding the
test.
Whisker Nuisance Task (WNT)
During this test, the animal behavioral response to direct
vibrissae stimulation was observed in P30 animals. All tests
and analyses were performed blindly. Since this is a sensory
test, prior to testing, animals were familiarized with handling
of the experimenter and habituated with the empty housing
(57.1 × 39.4 × 15.2 cm) coated with an absorbent pad. To
perform the test, the vibrissae are stimulated with a wooden
toothpick for three consecutive periods of 5 min (15 min in total)
with a 30 s interval between stimulation (Figures 1E,F). Animals
were scored according to a scale developed by McNamara et al.
(2010), in which freezing, stance and body position, breathing,
whisker position, whisking response, evading stimulation,
response to stick presentation and grooming are classified
from 0 to 2 according to the response (0 = absent/typical,
1 = present/light response and 2 = profound/accentuated
response; Supplementary Table S1). The sum of all scores is then
calculated. Low scores (0–4) indicate normal responses, in which
the animal is calm or indifferent to stimulation. High scores
(8–16) indicate abnormal responses to stimulation, in which
the animal freezes, shakes, or is aggressive (McNamara et al.,
2010).

Tissue Preparation and Analysis
Transcardiac Perfusion
P30 male rats were anesthetized (75 mg/kg ketamine +10 mg/kg
xylazine) and subjected to transcardiac perfusion with
0.9%-NaCl solution followed by 1.5%-paraformaldehyde
and 4%-paraformaldehyde solutions before the removal
of the brain. The tissues were post-fixed for 4 h in a 4%paraformaldehyde solution and subsequently cryoprotected
by sequential immersion in 15% and 30%-sucrose solutions
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FIGURE 1 | Animals from the valproic acid (VPA) model of autism demonstrate impaired sensorial behavior, which is counteracted by resveratrol (RSV).
(A) Representative illustration from the Nest Seeking (NS) test. RSV administration could not prevent all behavioral alterations in VPA groups, which presented an
increasing time to reach the nest (B) and increased latency to make any choice (C). Whilst VPA induced significant decrease in the accuracy of the choice, prenatal
RSV treatment prevented this feature (D). (E,F) Representative illustration of the stimulation in the Whisker Nuisance Task (WNT; E) and possible position of whiskers:
protracted (curiosity), retracted (avoidance) or not showing any particular response (F). (G) Behavioral analysis of WNT, demonstrating the hyper-responsiveness of
VPA animals, a behavior prevent by RSV treatment. Different letters indicate statistically significant differences between groups. Values plotted are Mean ± standard
deviation (SD). Statistical analysis: ordinary one-way analysis of variance (ANOVA) followed by Bonferroni.

neuronal cells) for layer II/III, layer IV/V and all layers (II/III
and IV/V). The number of PV+ -neurons, total neurons and
total cells were counted by an observer blind to the animal
group.

transferred to nitrocellulose membranes. After overnight
incubation with the primary antibody at 4◦ C (AntiPSD95, Anti-gephyrin, Anti-synaptophysin or Anti- βactin; Supplementary Table S3), membranes were incubated
with the proper secondary antibody conjugated to HRP
(Donkey anti-mouse-IgG HRP or Goat anti-rabbit-IgG
HRP) at room temperature for 1:30 h. No stripping of the
membranes was performed (Supplementary Figures S1, S2).
The SuperSignal West Pico reagent (Thermo Fisher Scientific)
was used and its chemiluminescence was detected using the

Eletrophoresis and Western Blotting
Amygdala region (AmR) and PSSA were surgically isolated
and fresh tissues homogenates were prepared in lysis
buffer. Protein concentration was measured by Lowry
method (Lowry et al., 1951), equal amounts of protein
(40 µg) were loaded in SDS-polyacrylamide gels and
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FIGURE 2 | RSV prevents the impairments in cortical organization of the primary somatosensory area (PSSA) induced by VPA. (A–D) Cell nuclei—blue (DAPI) and
total neurons—red (NeuN+ ). Layers II-III and IV-V can be distinctly visualized by its specific cellularity, enabling a qualitative analysis of the cortical laminar
organization between the groups. Scale bar = 50 µm.

RESULTS

ImageQuant LAS 4000 immunodetector (GE HealthCare Life
Sciences).

In the Nest Seeking Behavior, RSV
Prevents the Reduction of Accuracy But
Not the Increase in Latency for Choice
Induced by VPA

Statistical Analysis
One-way analysis of variance (ANOVA) followed by
Bonferroni’s post hoc multi comparison test was performed
using the IBM SPSS software (version 20.0). Data are reported as
mean ± standard deviation (SD), considering significant when
p < 0.05. In graphic representation, different letters indicate
statistically significant differences between the experimental
groups. The total number of animals analyzed in each experiment
was four animals from at least four different litters per group.

Frontiers in Synaptic Neuroscience | www.frontiersin.org

In order to evaluate the effects of VPA and RSV on
olfactory discrimination, P10 pups were tested for NS behavior
(Figure 1A). The following parameters were evaluated: latency
to reach the nest shavings, latency to make any choice (nest
or sterile shavings) and percentage of correct choices (reach
the nest shavings) per litter. The latency to reach the nest
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FIGURE 3 | RSV averts the abnormal distribution of PV+ GABAergic neurons in the PSSA of animals of the VPA model of autism. Cell nuclei—blue (DAPI), total
neurons—red (NeuN+ ) and GABAergic parvalbumin (PV+ ) neurons—green. (A) Representative immunofluorescence images of PSSA. Layer II-III and IV-V are
separated in order to improve visualization of cell distribution. In each case, the first micrograph presents the green channel showing PV+ cells distribution in the
indicated groups, followed by the merge image of three channels below (green, red and blue). (Ba–i) Quantitative analysis of PV+ cells in layer II-III and IV-V. Different
letters indicate statistically significant differences between groups. Values plotted are Mean ± SD. Statistical analysis: ordinary one-way ANOVA followed by
Bonferroni. Scale bar = 50 µm.

shavings (Figure 1B) was increased in animals of the groups
VPA (p = 0.0063) and RSV+VPA (p = 0.0486) when compared
to the control group (Control: 17.1 ± 3.4, RSV: 17.4 ± 3.2,
VPA: 32.1 ± 13.4, RSV+VPA: 27.8 ± 7.0, F = 6.8). In a similar
way, the latency to make any choice (Figure 1C) was also
increased in VPA (p = 0.0116) and RSV+VPA (p = 0.0011)
groups compared to the control (Control: 14.8 ± 3.6, RSV:
12.2 ± 3.5, VPA: 27.2 ± 12.6, RSV+VPA: 29.8 ± 5.1, F = 13.05).
Thus, VPA delayed the general response time of the animals,
which was not prevented by RSV. There were no significant
differences between groups in latency to reach sterile shavings
and in the total time spent by the pups in either of the shavings
(data not shown). However, prenatal administration of RSV
successfully prevented the reduction of percentage of correct
choices (Figure 1D) seen in the VPA group (Control: 0.95 ± 0.05,
RSV: 0.8 ± 0.16, VPA: 0.6 ± 0.22, RSV+VPA: 0.89 ± 0.08,
F = 5.9; p = 0.0020, VPA vs. Control and p = 0.0252, VPA vs.
RSV+VPA).

(Control: 4.2 ± 1.1, RSV: 3.6 ± 0.72, VPA: 6.8 ± 1.2, RSV+VPA:
4.2 ± 0.42, F = 12.4; p = 0.0006, VPA vs. RSV+VPA group).

RSV Counteracts the VPA Effects on
Neuronal Organization in the Primary
Somatosensory Cortex, Promoting Typical
Laminar Distribution and Localization of
PV+ -Neurons
As shown in Figures 2A,B, the control and RSV groups
presented a typical cortical organization, with a high number
of medium-sized pyramidal neurons in layer II-III and
granular and largest pyramidal neurons in layer IV-V, and
a low cellularity between these layers. However, the VPA
exposure induced visible alterations in cellular organization,
increasing the space between layer I and layer II-III while
drastically reducing the spacing between layer II-III and layer
IV-V (Figure 2C). Interestingly, prenatal RSV treatment was
able to prevent the VPA effects on cortical organization
(Figure 2D).
We then asked if there was any change in the number of
PV+ - neurons in layer II-III and layer IV-V of the PSSA.
Representative micrographs of the layer II-III (a–d) and layer
IV-V (e–h) are shown in Figure 3A. Our quantitative analysis
revealed a significant increase in number of PV+ neurons
in layer II-III of the VPA group, when compared to control
animals (p = 0.0029). In addition, as showed in Figure 3Ba,
RSV treatment successfully prevented this alteration (Control:
25.7 ± 5.5, RSV: 26.2 ± 8.3, VPA: 49 ± 7.8, RSV+VPA:
27.3 ± 2.5, F = 11.1; p = 0.0087, VPA compared to RSV+VPA

RSV Prevents the Abnormal Response to
Direct Whisker Stimulation Observed in
Rats of the VPA Model of Autism
Since ASD is usually associated with several impairments in SI,
we sought to investigate the behavioral response of rats of the
VPA model of autism in the Whisker Nuisance Task (WNT;
Figure 1E). Animals from the VPA group increased WNT scores
(Figure 1G) as compared to the control group (p = 0.0027, VPA
compared to the control group). Strikingly, prenatal treatment
with RSV averted the over-responsiveness induced by VPA
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group). On the other hand, animals of the VPA group
showed reduced numbers (p = 0.0180) of PV+ -neurons in
layer IV-V, as compared to the control group (Figure 3Bb).
Interestingly, RSV was also able to prevent this change (Control:
36.2 ± 6.3, RSV: 40.7 ± 4.2, VPA: 23.3 ± 3.3, RSV+VPA:
38.3 ± 5.03, F = 10.2; p = 0.0110, VPA compared to the
RSV+VPA group). No significant differences were found in
the sum of PV+ -neurons of all cortical layers, suggesting an
impairment of neuron localization rather than overall quantity
(Figure 3Bc).
We also evaluated the total number of neurons in layer II-III
and layer IV-V of PSSA using immunostaining with the NeuN
marker. Our results pointed out for an effect of RSV exposure
(p = 0.0328), increasing the total number of neurons in layer II-III
(Figures 3Bd–f), in comparison to the control group (Control:
274.3 ± 21.8, RSV: 410.5 ± 91.9, VPA: 296.3 ± 47.5, RSV+VPA:
350 ± 19.9, F = 4.7).
When normalizing the number of PV+ -neurons to the total
number of neurons, the VPA group presented a significantly
increased ratio in layer II/III (p < 0.0001), which was prevented
by RSV (p < 0.0001, VPA compared to the RSV+VPA
group). Surprisingly, the RSV treatment per se reduced the
ratio PV+ -neurons/total neurons (Figure 3Bg; p = 0.0356)
in this same region when compared to control (Control:
0.09319 ± 0.01211, RSV: 0.063 ± 0.01, VPA: 0.16 ± 0.016,
RSV+VPA: 0.07 ± 0.003, F = 52.4). We also observed a
significant decrease in the PV+ -neurons/total neurons ratio
in the VPA group compared to controls (Figure 3Bh;
p = 0.0023). Importantly, this alteration was also prevented by
RSV (Control: 0.11 ± 0.02, RSV: 0.11 ± 0.01, VPA: 0.06 ± 0.01,
RSV+VPA: 0.1 ± 0.007, F = 9.8; p = 0.0290 to VPA vs.
RSV+VPA). When combining all layers, we only observed an
effect of RSV (Figure 3Bi), reducing the PV+ -neurons/total
neurons ratio (Control: 0.10 ± 0.007, RSV: 0.08 ± 0.004,
VPA: 0.11 ± 0.014, RSV+VPA: 0.09 ± 0.002, F = 7.5;
p = 0.0438). Thus, our immunofluorescence data suggests a
protective effect of RSV for the laminar organization and correct
distribution of PV+ -neurons in animals of the VPA model of
autism.

RSV Reestablishes a Typical Proportion of
PV+ -Neurons in the Amygdala
Given the importance of the AmR to attribute affective content
to sensory information, we also evaluated the quantity of
PV+ -neurons in this region. Figures 4Aa–d shows illustrative
micrographs from PV+ -neuron distribution in the amygdala
of our four experimental groups. As showed in Figure 4Ba,
no significant differences were observed in the number of
PV+ -cells (Control: 33.8 ± 6.6, RSV: 25.6 ± 7.5, VPA:
24.2 ± 8.5, RSV+VPA: 32.1 ± 3.5, p = 26, F = 1.55) or
(Figure 4Bb) in the total number of neuronal cells (Control:
221.8 ± 71.6, RSV: 413 ± 17.5, VPA: 402.6 ± 97.9, RSV+VPA:
277.3 ± 46.3, p = 0.2119, F = 1.79). Nevertheless, we
observed a significant reduction in the PV+ -neurons/total
neurons ratio (Figure 4Bc) in the RSV (p = 0.0040) and
VPA groups (p = 0.0015), when compared to the control
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FIGURE 4 | RSV restores the correct proportion of PV+ neurons in the
amygdala of rats of the animal model of autism induced by VPA. Cell
nuclei—blue (DAPI), total neurons—red (NeuN+ ) and GABAergic PV+
neurons—green (PV+ ). (Aa–d) Representative immunofluorescence images of
the amygdala Region (AmR). Cell distribution and organization can be
visualized along the basolateral portion of AmR. (Ba–c) Quantitative analysis
of the density of PV+ neurons in the AmR. Different letters indicate statistically
significant differences between groups. Mean ± SD were represented.
Statistical analysis: ordinary one-way ANOVA followed by Bonferroni. Scale
bar = 50 µm.
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FIGURE 5 | Effects of prenatal exposure to VPA and RSV in synaptic proteins in PSSA and AmR. Representative images of Western blotting for synaptic proteins are
shown in (Aa) from PSSA and in (Ba) from AmR. Protein quantification of gephyrin, PSD-95 and synaptophysin are shown in (Ab–d) for PSSA and in (Bb–d) for
AmR, respectively. Different letters indicate statistically significant differences between groups. Mean ± SD were plotted. Statistical analysis: ordinary One-Way
ANOVA followed by Bonferroni.

VPA and RSV Modulate Synaptic Proteins
in Primary Somatosensory Area (PSSA)
and Amygdala Region (AmR)

group. Interestingly, RSV was able to totally prevent the
VPA effect (Control: 0.16 ± 0.04, RSV: 0.06 ± 0.017, VPA:
0.059 ± 0.016, RSV+VPA: 0.12 ± 0.02, F = 12.09). Here,
our results demonstrate interesting and complex effects of
RSV and VPA exposures in the AmR in which the combined
actions of VPA and RSV normalized the PV+ /total neurons
ratio.

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Next, we asked if the neuronal reorganization promoted by
VPA and prevented by RSV in PSSA and AmR influenced the
overall expression of synaptic proteins. We evaluated proteins
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that many alterations were already described in the amygdala,
including hyper reactivity (Markram et al., 2008; Lin et al.,
2013), enlargement and hyper cellularity (Markram et al., 2008;
Ecker et al., 2015), elevated NMDA receptor levels and enhanced
postsynaptic long-term potentiation (LTP; Rinaldi et al., 2007).
Therefore, our hypothesis highlights the possibility that an
alteration in this region is causing the impairment identified
in the NS task and can be related to the outcomes in social
development. Interestingly, studies have demonstrated that the
AmR seems to develop faster in animals of the VPA model of
autism. It results in premature maturation of fear responses,
caused by the hyper reactivity, hyper plasticity and deficits in
inhibitory system found in the lateral amygdala, which could
lead to an early termination of the attachment learning period
(Markram et al., 2008; Landers and Sullivan, 2012; Barrett et al.,
2017).
We report in our present work that RSV reestablishes the
typical proportion of GABAergic PV+ -neurons in the amygdala
of VPA animals, which might be crucial for proper inhibition
of responses in the amygdala (McDonald and Betette, 2001;
Woodruff and Sah, 2007; Bocchio et al., 2015). The majority
of PV+ -neurons originate in the medial ganglionic eminence
and migrate to their target regions in the brain (Guo and
Anton, 2014). The ganglionic eminence is a temporary brain
structure first observed at E11.5 in rodents (Lavdas et al.,
1999; Anderson et al., 2001; Marín et al., 2001) with the first
interneurons starting their tangential migration towards the
cortex at E12.5 in mice (Kelsom and Lu, 2013). This coincides
with our hypothesis of the time point of VPA administration and
opens the intriguing possibility that VPA interferes either with
GABAergic interneuron specification and proliferation or their
migration to the cortical layers and their survival in the cortex,
promoting the increase of PV+ -neuronal density in layer II/III
and the decrease of this subpopulation in layer IV/V. In fact,
studies with 7 days old mice of the VPA model of autism present
a reduced number of BrdU+ cells (generated at E12.5) in the deep
layers of the somatosensory and prefrontal cortices, indicating
several impairments in cortical migration related to cortical areas
(Kataoka et al., 2013).
A decreased number of PV+ -neurons and of PV mRNA was
observed in several animal models related to ASD (Gogolla et al.,
2009; Wöhr et al., 2015; Lauber et al., 2016) and a recent study
demonstrated reduction in the number of PV+ -neuros in the
medial prefrontal cortex of individuals with autism (Hashemi
et al., 2017). Even though the significance of the reduction
of PV+ -neurons in ASD remains unclear, PV knockout mice
display behavioral phenotypes related to all the core symptoms
present in ASD patients, such as abnormal reciprocal social
interactions, altered ultrasonic vocalization and presence of
repetitive/stereotyped patterns of behavior (Wöhr et al., 2015).
Moreover, there is an increase of apoptosis in the developing
neocortex 12 h and 24 h after VPA exposure, accompanied by a
reduction in proliferation in the ganglionic eminences (Kataoka
et al., 2013). This can likely have widespread and long-lasting
consequences to brain organization, since, during development,
GABAergic neurons are excitatory and promote the maturation
of neural networks (Le Magueresse and Monyer, 2013).

from excitatory (PSD-95) and inhibitory (gephyrin) synapses, as
well as synaptophysin, an ubiquitous pre-synaptic component.
Illustrative western blot images are shown in Figure 5Aa (PSSA)
and Figure 5Ba for (AmR). No significant differences were
observed between groups in PSD-95 levels in PSSA (Figure 5Ac)
or AmR (Figure 5Bc). On the other hand, gephyrin levels
were reduced in the PSSA of VPA animals compared to the
control group (Control: 5.306 × 107 ± 3.123 × 106 , RSV:
3.959 × 107 ± 1.426 × 107 , VPA: 2.859 × 107 ± 9.937 × 107 ,
RSV+VPA: 4.020 × 107 ± 1.188 × 107 , F = 3.54; p = 0.0305).
In the PSSA of RSV+VPA animals, gephyrin is expressed
at intermediate levels between the control and VPA groups,
not being statistically different from either one (Figure 5Ab).
No significant differences were observed in the expression of
gephyrin in the AmR of our experimental groups (Figure 5Bb).
The synaptophysin and PSD-95 expression levels are not
significantly different between groups in PSSA (Figure 5Ad) or
AmR (Figure 5Bd).

DISCUSSION
The response to sensory stimuli is altered in more than 90%
of ASD patients resulting in great impairment in synaptic
transmission and processing, affecting the health of these
individuals (Coskun et al., 2009; Geschwind, 2009). These
alterations include hyper-responsiveness to auditory, visual
and tactile stimuli and hypo responsiveness to nociceptive
stimuli. An interesting hypothesis suggests a perturbation in the
processing and integration of the sensory information between
different areas, resulting in local and global alterations, from
neurotransmitter release, to the neural network, leading to
disruption of sensory perception (Coskun et al., 2013; Supekar
et al., 2013). Here we report, for the first time, that RSV prevented
the alterations caused by VPA in the WNT, a behavioral test that
evaluates quality of response to direct whisker stimulation. In
addition to the striking result in the present work, RSV was able
to preserve the cortical laminar patterning and the distribution
of PV+ -neurons affected by VPA in the PSSA, the brain area
related to tactile processing of the whiskers (Chen-Bee et al.,
2012). These results corroborate similar findings in the literature
in other brain regions involved in sensory processing, such as the
superior colliculus, presenting dysfunctional sensory processing
characterized by an inability to filter sensory information and
impairments in GABAergic synaptic transmission, particularly
simultaneously arriving multimodal inputs (Dendrinos et al.,
2011).
The behavior evaluated in the NS test is of extreme
importance for the development of rats, which need major
care from their mothers to survive. This attachment behavior
is present in many species (Broad et al., 2006) and combines
a sensory component (olfactory, in rodents) with an affective
memory, creating a mother-offspring connection that allows
young animals (who can barely see or hear at this age) to find
the source of food and protection. The AmR is an important
area for primary attachment behaviors and other emotional
responses, such as aversive behavior (Landers and Sullivan,
2012; Rigon et al., 2016). In the context of ASD, it is known
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Finally, in western blotting analysis, we observed in this work
a significant alteration in the expression level of the protein
gephyrin (a key scaffolding protein of inhibitory synapses) in
PSSA: VPA decreased its levels and RSV treatment was able to
prevent this impairment. These findings corroborate previous
studies showing an excitatory/inhibitory imbalance in cortical
regions of animal models of ASD (Rinaldi et al., 2008; Gao
and Penzes, 2015; Nelson and Valakh, 2015). Since, VPA affects
the PV+ -neuron localization and distribution, this might lead
to altered inhibitory synaptic distribution and organization,
as seen in autistic individuals (Zikopoulos and Barbas, 2013;
Gao and Penzes, 2015; Nelson and Valakh, 2015). Thus, the
RSV prevention could be related to the excitation/inhibition
balance restoration in the PSSA, leading to correct sensory
perception/processing.
It is also possible that both RSV and VPA primarily
exert independent actions in the developing nervous system,
modulating neuronal proliferation, migration and establishment
of synaptic connections. It is worth to mention that RSV is itself,
a teratogen. Therefore, we are not proposing this approach as
a ‘‘vaccine’’ to ASD but as a potential research tool, that could
help to clarify specific mechanisms related to ASD etiology and
pathophysiology.
Our results from behavioral, histological and protein analyses
showed a relevant impact of RSV treatment in sensory aspects
of the VPA animal model of autism. Thus, RSV can be used
as a tool to study pathways related to ASD pathophysiology,
and further investigation of VPA effects counteracted by RSV
can help to shed light in molecular mechanisms involved in the
etiology of ASD.

refined and complex cognitive experience. Thus, the perturbation
of PV by VPA may be an important player in the sensory
behavioral deficits evaluated.
Since RSV appears as a promising molecule for investigation
of ASD etiology and pathophysiology, it is important to
explore whether these effects result from its anti-inflammatory
or anti-oxidant properties or from previously unrecognized
activities of this compound. Furthermore, it will be of upmost
importance to investigate the opposite actions of VPA and RSV
during embryonic development and in the pregnant female to
characterize the molecular alterations involved in the triggering
of autistic-like alterations in the VPA animal model of autism.
Again, we think that our data support the possible therapeutic
use of RSV, but future studies have to be done to show if RSV
has any beneficial effect on the postnatal development of animals
presenting autistic-like features.
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CONCLUDING REMARKS
Taken together, our data showed important deficits in the
processing and integration of sensory information in the
VPA animal model of autism, corroborating the face validity
of this model. Furthermore, the prenatal treatment of RSV
successfully prevented sensory deficits in behavioral analyses,
possibly by correcting altered PV+ -neuron localization and
cortical organization impaired by VPA.
We suggest that not only the correct number, but also
localization of PV+ -neurons throughout the PSSA cortical layers,
might play important roles in proper sensory processing, refining
the excitatory inputs. Additionally, in AmR, the correct balance
of this neuronal subpopulation might be necessary to attribute
the correct emotional load to sensory information, providing a

ACKNOWLEDGMENTS
We would also like to thank Fluxome (Stenløse, Denmark) for the
generous gift of resveratrol, and the online infographic maker,
Mind the Graph (attribution share-alike 4.0 licensing) for the
templates of schematic figures.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnsyn.
2018.00009/full#supplementary-material

REFERENCES

Bambini-Junior, V., Baronio, D., MacKenzie, J., Zanatta, G., dos Riesgo, R. S.,
and Gottfried, C. (2014a). ‘‘Prenatal exposure to valproate in animals and
autism,’’ in Comprehensive Guide to Autism, eds V. B. Patel, V. R. Preedy and
C. R. Martin (New York, NY: Springer), 1779–1793.
Bambini-Junior, V., Zanatta, G., Della Flora Nunes, G., Mueller de Melo, G.,
Michels, M., Fontes-Dutra, M., et al. (2014b). Resveratrol prevents social
deficits in animal model of autism induced by valproic acid. Neurosci. Lett. 583,
176–181. doi: 10.1016/j.neulet.2014.09.039
Barrett, C. E., Hennessey, T. M., Gordon, K. M., Ryan, S. J., McNair, M. L.,
Ressler, K. J., et al. (2017). Developmental disruption of amygdala

American Psychiatry Association (APA). (2013). Diagnostic and Statistical
Manual of Mental Disorders. 5th Edn. Washington, DC: American Psychiatric
Publishing, Inc.
Anderson, G. M. (2015). Autism biomarkers: challenges, pitfalls and possibilities.
J. Autism Dev. Disord. 45, 1103–1113. doi: 10.1007/s10803-014-2225-4
Anderson, S. A., Marín, O., Horn, C., Jennings, K., and Rubenstein, J. L. R. (2001).
Distinct cortical migrations from the medial and lateral ganglionic eminences.
Development 128, 353–363.

Frontiers in Synaptic Neuroscience | www.frontiersin.org

10

May 2018 | Volume 10 | Article 9

Fontes-Dutra et al.

Resveratrol Prevention in VPA Model

transcriptome and socioemotional behavior in rats exposed to valproic acid
prenatally. Mol. Autism 8:42. doi: 10.1186/s13229-017-0160-x
Bocchio, M., Fucsina, G., Oikonomidis, L., McHugh, S. B., Bannerman, D. M.,
Sharp, T., et al. (2015). Increased serotonin transporter expression reduces
fear and recruitment of parvalbumin interneurons of the amygdala.
Neuropsychopharmacology 40, 3015–3026. doi: 10.1038/npp.2015.157
Broad, K. D., Curley, J. P., and Keverne, E. B. (2006). Mother-infant bonding and
the evolution of mammalian social relationships. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 361, 2199–2214. doi: 10.1098/rstb.2006.1940
Chen-Bee, C.-H., Zhou, Y., Jacobs, N. S., Lim, B., and Frostig, R. D. (2012).
Whisker array functional representation in rat barrel cortex: transcendence of
one-to-one topography and its underlying mechanism. Front. Neural Circuits
6:93. doi: 10.3389/fncir.2012.00093
Christensen, J., Grønborg, T. K., Sørensen, M. J., Schendel, D., Parner, E. T.,
Pedersen, L. H., et al. (2013). Prenatal valproate exposure and risk of
autism spectrum disorders and childhood autism. JAMA 309, 1696–1703.
doi: 10.1001/jama.2013.2270
Chu, J., and Anderson, S. A. (2015). Development of cortical interneurons.
Neuropsychopharmacology 40, 16–23. doi: 10.1038/npp.2014.171
Coskun, M. A., Loveland, K. A., Pearson, D. A., Papanicolaou, A. C., and
Sheth, B. R. (2013). Functional assays of local connectivity in the somatosensory
cortex of individuals with autism. Autism Res. 6, 190–200. doi: 10.1002/aur.
1276
Coskun, M. A., Varghese, L., Reddoch, S., Castillo, E. M., Pearson, D. A.,
Loveland, K. A., et al. (2009). How somatic cortical maps differ in autistic
and typical brains. Neuroreport 20, 175–179. doi: 10.1097/WNR.0b013e328
31f47d1
Cummins, R. A. (1991). Sensory integration and learning disabilities:
ayres’ factor analyses reappraised. J. Learn. Disabil. 24, 160–168.
doi: 10.1177/002221949102400304
Dawson, G., Webb, S. J., Wijsman, E., Schellenberg, G., Estes, A., Munson, J.,
et al. (2005). Neurocognitive and electrophysiological evidence of altered face
processing in parents of children with autism: implications for a model of
abnormal development of social brain circuitry in autism. Dev. Psychopathol.
17, 679–697. doi: 10.1017/s0954579405050327
Dendrinos, G., Hemelt, M., and Keller, A. (2011). Prenatal VPA exposure and
changes in sensory processing by the superior colliculus. Front. Integr. Neurosci.
5:68. doi: 10.3389/fnint.2011.00068
Dietert, R. R., Dietert, J. M., and DeWitt, J. C. (2011). Environmental risk factors
for autism. Emerg. Health Threats J. 4:7111. doi: 10.3402/ehtj.v4i0.7111-8
Ecker, C., Bookheimer, S. Y., and Murphy, D. G. M. (2015). Neuroimaging in
autism spectrum disorder: brain structure and function across the lifespan.
Lancet Neurol. 14, 1121–1134. doi: 10.1016/S1474-4422(15)00050-2
Favre, M. R., Barkat, T. R., Lamendola, D., Khazen, G., Markram, H., and
Markram, K. (2013). General developmental health in the VPA-rat model of
autism. Front. Behav. Neurosci. 7:88. doi: 10.3389/fnbeh.2013.00088
Gao, R., and Penzes, P. (2015). Common mechanisms of excitatory and inhibitory
imbalance in schizophrenia and autism spectrum disorders. Curr. Mol. Med.
15, 146–167. doi: 10.2174/1566524015666150303003028
Geschwind, D. H. (2009). Advances in autism. Annu. Rev. Med. 60, 367–380.
doi: 10.1146/annurev.med.60.053107.121225
Gogolla, N., LeBlanc, J. J., Quast, K. B., Südhof, T. C., Fagiolini, M., and
Hensch, T. K. (2009). Common circuit defect of excitatory-inhibitory
balance in mouse models of autism. J. Neurodev. Disord. 1, 172–181.
doi: 10.1007/s11689-009-9023-x
Gottfried, C., Bambini-Junior, V., Baronio, D., Zanatta, G., Bristot, R., Vaccaro, T.,
et al. (2013). Valproic acid in autism spectrum disorder: from an environmental
risk factor to a reliable animal model. Recent Adv. Autism Spectr. Disord.
doi: 10.5772/54824 [Epub ahead of print].
Gottfried, C., Bambini-Junior, V., Francis, F., Riesgo, R., and Savino, W. (2015).
The impact of neuroimmune alterations in autism spectrum disorder. Front.
Psychiatry 6:121. doi: 10.3389/fpsyt.2015.00121
Guo, J., and Anton, E. S. (2014). Decision making during interneuron migration
in the developing cerebral cortex. Trends Cell Biol. 24, 342–351. doi: 10.1016/j.
tcb.2013.12.001
Haddad, P. M., Das, A., Ashfaq, M., and Wieck, A. (2009). A review of
valproate in psychiatric practice. Expert Opin. Drug Metab. Toxicol. 5, 539–551.
doi: 10.1517/17425250902911455

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Hashemi, E., Ariza, J., Rogers, H., Noctor, S. C., and Martínez-Cerdeño, V.
(2017). The number of parvalbumin-expressing interneurons is decreased
in the medial prefrontal cortex in autism. Cereb. Cortex 27, 1931–1943.
doi: 10.1093/cercor/bhw021
Hu, Y., Ehli, E. A., and Boomsma, D. I. (2017). MicroRNAs as biomarkers
for psychiatric disorders with a focus on autism spectrum disorder:
current progress in genetic association studies, expression profiling,
and translational research. Autism Res. 10, 1184–1203. doi: 10.1002/
aur.1789
Kataoka, S., Takuma, K., Hara, Y., Maeda, Y., Ago, Y., and Matsuda, T. (2013).
Autism-like behaviours with transient histone hyperacetylation in mice treated
prenatally with valproic acid. Int. J. Neuropsychopharmacol. 16, 91–103.
doi: 10.1017/s1461145711001714
Kelsom, C., and Lu, W. (2013). Development and specification of GABAergic
cortical interneurons. Cell Biosci. 3:19. doi: 10.1186/2045-3701-3-19
Khan, S., Michmizos, K., Tommerdahl, M., Ganesan, S., Kitzbichler, M. G.,
Zetino, M., et al. (2015). Somatosensory cortex functional connectivity
abnormalities in autism show opposite trends, depending on direction and
spatial scale. Brain 138, 1394–1409. doi: 10.1093/brain/awv043
Landers, M. S., and Sullivan, R. M. (2012). The development and neurobiology
of infant attachment and fear. Dev. Neurosci. 34, 101–114. doi: 10.1159/
000336732
Lauber, E., Filice, F., and Schwaller, B. (2016). Prenatal valproate exposure
differentially affects parvalbumin-expressing neurons and related circuits in the
cortex and striatum of mice. Front. Mol. Neurosci. 9:150. doi: 10.3389/fnmol.
2016.00150
Lavdas, A. A., Grigoriou, M., Pachnis, V., and Parnavelas, J. G. (1999).
The medial ganglionic eminence gives rise to a population of early
neurons in the developing cerebral cortex. J. Neurosci. 19, 7881–7888.
doi: 10.1523/JNEUROSCI.19-18-07881.1999
Le Magueresse, C., and Monyer, H. (2013). GABAergic interneurons shape the
functional maturation of the cortex. Neuron 77, 388–405. doi: 10.1016/j.neuron.
2013.01.011
Lin, H. C., Gean, P. W., Wang, C. C., Chan, Y. H., and Chen, P. S. (2013).
The amygdala excitatory/inhibitory balance in a valproate-induced rat autism
model. PLoS One 8:e55248. doi: 10.1371/journal.pone.0055248
Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951). Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265–275.
Lucchina, L., and Depino, A. M. (2013). Altered peripheral and central
inflammatory responses in a mouse model of autism. Autism Res. 7, 273–289.
doi: 10.1002/aur.1338
Mabunga, D. F. N., Gonzales, E. L. T., Kim, J.-W., Kim, K. C., and Shin, C. Y.
(2015). Exploring the validity of valproic acid animal model of autism. Exp.
Neurobiol. 24, 285–300. doi: 10.5607/en.2015.24.4.285
Marco, E. J., Hinkley, L. B. N., Hill, S. S., and Nagarajan, S. S. (2011). Sensory
processing in autism: a review of neurophysiologic findings. Pediatr. Res. 69,
48R–54R. doi: 10.1203/PDR.0b013e3182130c54
Marín, O., Yaron, A., Bagri, A., Tessier-Lavigne, M., and Rubenstein, J. L. (2001).
Sorting of striatal and cortical interneurons regulated by semaphorinneuropilin interactions. Science 293, 872–875. doi: 10.1126/science.
1061891
Markram, K., Rinaldi, T., La Mendola, D., Sandi, C., and Markram, H.
(2008). Abnormal fear conditioning and amygdala processing in an animal
model of autism. Neuropsychopharmacology 33, 901–912. doi: 10.1038/sj.npp.
1301453
Masi, A., DeMayo, M. M., Glozier, N., and Guastella, A. J. (2017). An overview of
autism spectrum disorder, heterogeneity and treatment options. Neurosci. Bull.
33, 183–193. doi: 10.1007/s12264-017-0100-y
McDonald, A. J., and Betette, R. L. (2001). Parvalbumin-containing neurons
in the rat basolateral amygdala: morphology and co-localization of
Calbindin-D28k. Neuroscience 102, 413–425. doi: 10.1016/s0306-4522(00)
00481-4
McNamara, K. C. S., Lisembee, A. M., and Lifshitz, J. (2010). The whisker
nuisance task identifies a late onset, persistent sensory sensitivity in
diffuse brain-injured rats. J. Neurotrauma 27, 695–706. doi: 10.1089/neu.
2009.1237
Miles, J. H. (2011). Autism spectrum disorders—a genetics review. Genet. Med. 13,
278–294. doi: 10.1097/GIM.0b013e3181ff67ba

11

May 2018 | Volume 10 | Article 9

Fontes-Dutra et al.

Resveratrol Prevention in VPA Model

Narayanan, R. T., Udvary, D., and Oberlaender, M. (2017). Cell type-specific
structural organization of the six layers in rat barrel cortex. Front. Neuroanat.
11:91. doi: 10.3389/fnana.2017.00091
Nelson, S. B., and Valakh, V. (2015). Excitatory/inhibitory balance and circuit
homeostasis in autism spectrum disorders. Neuron 87, 684–698. doi: 10.1016/j.
neuron.2015.07.033
Nienborg, H., and Cumming, B. (2010). Correlations between the activity of
sensory neurons and behavior: how much do they tell us about a neuron’s
causality? Curr. Opin. Neurobiol. 20, 376–381. doi: 10.1016/j.conb.2010.05.002
Patterson, P. (2009). Immune involvement in schizophrenia and autism: etiology,
pathology and animal models. Behav. Brain Res. 204, 313–321. doi: 10.1016/j.
bbr.2008.12.016
Paxinos, G., and Watson, C. (1997). The Rat Brain in Stereotaxic Coordinates. 3rd
Edn. San Diego, CA: Academic Press.
Rigon, A., Duff, M. C., and Voss, M. W. (2016). Structural and functional
neural correlates of self-reported attachment in healthy adults: evidence
for an amygdalar involvement. Brain Imaging Behav. 10, 941–952.
doi: 10.1007/s11682-015-9446-9
Rinaldi, T., Kulangara, K., Antoniello, K., and Markram, H. (2007). Elevated
NMDA receptor levels and enhanced postsynaptic long-term potentiation
induced by prenatal exposure to valproic acid. Proc. Natl. Acad. Sci. U S A 104,
13501–13506. doi: 10.1073/pnas.0704391104
Rinaldi, T., Silberberg, G., and Markram, H. (2008). Hyperconnectivity of local
neocortical microcircuitry induced by prenatal exposure to valproic acid. Cereb.
Cortex 18, 763–770. doi: 10.1093/cercor/bhm117
Rodier, P. M., Ingram, J. L., Tisdale, B., and Croog, V. J. (1997). Linking etiologies
in humans and animal models: studies of autism. Reprod. Toxicol. 11, 417–422.
doi: 10.1016/s0890-6238(97)80001-u
Roullet, F. I., Lai, J. K. Y., and Foster, J. A. (2013). In utero exposure to valproic
acid and autism—a current review of clinical and animal studies. Neurotoxicol.
Teratol. 36, 47–56. doi: 10.1016/j.ntt.2013.01.004
Roullet, F. I., Wollaston, L., Decatanzaro, D., and Foster, J. A. (2010). Behavioral
and molecular changes in the mouse in response to prenatal exposure to the
anti-epileptic drug valproic acid. Neuroscience 170, 514–522. doi: 10.1016/j.
neuroscience.2010.06.069
Rudy, B., Fishell, G., Lee, S., and Hjerling-Leffler, J. (2011). Three groups of
interneurons account for nearly 100% of neocortical GABAergic neurons. Dev.
Neurobiol. 71, 45–61. doi: 10.1002/dneu.20853
Sandin, S., Lichtenstein, P., Kuja-Halkola, R., Larsson, H., Hultman, C. M., and
Reichenberg, A. (2014). The familial risk of autism. JAMA 311, 1770–1777.
doi: 10.1001/jama.2014.4144
Schneider, T., and Przewłocki, R. (2005). Behavioral alterations in rats prenatally
exposed to valproic acid: animal model of autism. Neuropsychopharmacology
30, 80–89. doi: 10.1038/sj.npp.1300518
Smith, V., and Brown, N. (2014). Prenatal valproate exposure and risk of autism
spectrum disorders and childhood autism. Arch. Dis. Child. Educ. Pract. Ed
99:198. doi: 10.1136/archdischild-2013-305636
Spence, S. J., and Schneider, M. T. (2009). The role of epilepsy and epileptiform
eegs in autism spectrum disorders. Pediatr. Res. 65, 599–606. doi: 10.1203/PDR.
0b013e31819e7168

Frontiers in Synaptic Neuroscience | www.frontiersin.org

Staiger, J. F., Zuschratter, W., Luhmann, H. J., and Schubert, D. (2009).
Local circuits targeting parvalbumin-containing interneurons in layer IV of
rat barrel cortex. Brain Struct. Funct. 214, 1–13. doi: 10.1007/s00429-0090225-5
Stoner, R., Chow, M. L., Boyle, M. P., Sunkin, S. M., Mouton, P. R., Roy, S., et al.
(2014). Patches of disorganization in the neocortex of children with autism. N.
Engl. J. Med. 370, 1209–1219. doi: 10.1056/NEJMoa1307491
Supekar, K., Uddin, L. Q., Khouzam, A., Phillips, J., Gaillard, W. D.,
Kenworthy, L. E., et al. (2013). Brain hyperconnectivity in children with autism
and its links to social deficits. Cell Rep. 5, 738–747. doi: 10.1016/j.celrep.2013.
10.001
Unichenko, P., Yang, J.-W., Kirischuk, S., Kolbaev, S., Kilb, W., Hammer, M.,
et al. (2017). Autism related neuroligin-4 knockout impairs intracortical
processing but not sensory inputs in mouse barrel cortex. Cereb. Cortex
doi: 10.1093/cercor/bhx165 [Epub ahead of print].
Wöhr, M., Orduz, D., Gregory, P., Moreno, H., Khan, U., Vörckel, K. J., et al.
(2015). Lack of parvalbumin in mice leads to behavioral deficits relevant
to all human autism core symptoms and related neural morphofunctional
abnormalities. Transl. Psychiatry 5:e525. doi: 10.1038/tp.2015.19
Woodruff, A. R., and Sah, P. (2007). Networks of parvalbumin-positive
interneurons in the basolateral amygdala. J. Neurosci. 27, 553–563.
doi: 10.1523/JNEUROSCI.3686-06.2007
Xu, X., Roby, K. D., and Callaway, E. M. (2010). Immunochemical characterization
of inhibitory mouse cortical neurons: three chemically distinct classes
of inhibitory cells. J. Comp. Neurol. 518, 389–404. doi: 10.1002/cne.
22229
Yang, J.-W., Prouvot, P.-H., Reyes-Puerta, V., Stüttgen, M.-C., Stroh, A.,
and Luhmann, H. J. (2017). Optogenetic modulation of a minor fraction
of parvalbumin-positive interneurons specifically affects spatiotemporal
dynamics of spontaneous and sensory-evoked activity in mouse somatosensory
cortex in vivo. Cereb. Cortex 27, 5784–5803. doi: 10.1093/cercor/bhx261
Yoo, H. (2015). Genetics of autism spectrum disorder: current status and possible
clinical applications. Exp. Neurobiol. 24, 257–272. doi: 10.5607/en.2015.
24.4.257
Zikopoulos, B., and Barbas, H. (2013). Altered neural connectivity in excitatory
and inhibitory cortical circuits in autism. Front. Hum. Neurosci. 7:609.
doi: 10.3389/fnhum.2013.00609
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Fontes-Dutra, Santos-Terra, Deckmann, Brum Schwingel, DellaFlora Nunes, Hirsch, Bauer-Negrini, Riesgo, Bambini-Júnior, Hedin-Pereira and
Gottfried. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

12

May 2018 | Volume 10 | Article 9

