Original Paper

Developmental
Neurosclence

Dev Neurosci

DOI: 10.1159/000375489

Received: August 29, 2014
Accepted after revision: January 26, 2015
Published online: April 18,2015

Differential Local Connectivity and
Neuroinflammation Profiles in the Medial
Prefrontal Cortex and Hippocampus in the
Valproic Acid Rat Model of Autism

Martin Gabriel Codagnone®® Maria Fernanda Podesta® P

Nonthué Alejandra Uccelli®® Analia Reinés® P

aInstituto de Biologia Celular y Neurociencias ‘Prof. E. De Robertis’ (IBCN, CONICET-UBA), Facultad de Medicina and
bCatedra de Farmacologia, Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires, Buenos Aires, Argentina

Key Words
Valproic acid - NCAM - PSA-NCAM - Astrogliosis -
Microgliosis - Neuronal connectivity

Abstract

Autism spectrum disorders (ASD) are a group of develop-
mental disabilities characterized by impaired social interac-
tion, communication deficit and repetitive and stereotyped
behaviors. Neuroinflammation and synaptic alterations in
several brain areas have been suggested to contribute to the
physiopathology of ASD. Although the limbic system plays
an important role in the functions found impaired in ASD,
reports on these areas are scarce and results controversial. In
the present study we searched in the medial prefrontal cor-
tex (mPFC) and hippocampus of rats exposed to the valproic
acid (VPA) model of ASD for early structural and molecular
changes, coincident in time with the behavioral alterations.
After confirming delayed growth and maturation in VPA rats,
we were able to detect decreased exploratory activity and
social interaction at an early time point (postnatal day 35).In
mPFC, although typical cortical column organization was

preserved in VPA animals, we found that interneuronal space
was wider than in controls. Hippocampal CA3 (cornu ammo-
nis 3) pyramidal layer and the granular layer of the dentate
gyrus both showed a disorganized spatial arrangement in
VPA animals. Neuronal alterations were accompanied with
increased tomato lectin and glial fibrillary acidic protein
(GFAP) immunostainings both in the mPFC and hippocam-
pus. In the latter region, the increased GFAP immunoreactiv-
ity was CA3 specific. At the synaptic level, while mPFC from
VPA animals showed increased synaptophysin (SYN) immu-
nostaining, a SYN deficit was found in all hippocampal sub-
fields. Additionally, both the mPFC and the hippocampus of
VPA rats showed increased neuronal cell adhesion molecule
(NCAM) immunostaining together with decreased levels of
its polysialylated form (PSA-NCAM). Interestingly, these
changes were more robust in the CA3 hippocampal subfield.
Our results indicate that exploratory and social deficits cor-
relate with region-dependent neuronal disorganization and
reactive gliosis in the mPFC and hippocampus of VPA rats.
While microgliosis is spread in these two limbic areas, astro-
gliosis, although extended in the mPFC, is circumscribed to
the CA3 hippocampal subfield. Our work indicates that neu-
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roinflammation and synaptic alterations do coexist in VPA
rats, making this model suitable for studying novel aspects
of neuron-glia interactions. Moreover, it suggests that the
mPFC and hippocampus might behave differently in the
context of the local hyperconnectivity and synaptic hypoth-
eses of autism. ©2015S. Karger AG, Basel

Introduction

Autism spectrum disorders (ASD) are a group of de-
velopmental disabilities with an early onset characterized
by varying degrees of impairment in social interaction
and verbal and nonverbal communication and by repeti-
tive and stereotyped movements or interests (American
Psychological Association, 2013). Although the neurobi-
ology of ASD is still not clear, it is known that both genes
and the environment play an important role in the etiol-
ogy of these disorders [1].

The behavioral complexity of ASD, characterized by
deficits in learning, memory, emotion, and social func-
tioning, suggest underlying multiple brain area altera-
tions [2, 3]. Not surprisingly, limbic areas have been im-
plicated in the physiopathology of autism. For instance,
the frontal cortex of postmortem samples exhibits over-
weight [4], alterations in cortical minicolumn cytoarchi-
tecture [5, 6] and microglial and astroglial activation [7,
8]. In spite of being a key limbic structure, the hippocam-
pus has been less explored. Decreased dendritic branches
and neuronal size in the CA3 (cornu ammonis 3) from
ASD postmortem brains have been reported, as well as
controversial results on changes in hippocampal volume
[9-13].

Regarding the cellular and molecular alterations un-
derlying morphological abnormalities found in ASD, ear-
ly neuroinflammation [7, 14], excitation/inhibition im-
balance [15, 16] and atypical brain connectivity [17-21]
have been postulated. Moreover, alterations found in ad-
hesion molecules [22-26] and other synaptic proteins
[27] classify autism as a synaptopathy [28]. Not only gene
variants but also altered brain protein expression of the
neuronal cell adhesion molecule (NCAM) have been
strongly associated with the pathology of ASD [26, 29].

Prenatal exposure to valproic acid (VPA) is a well-val-
idated animal model of autism, since it mimics major be-
havioral and neuroanatomical alterations found in ASD
[30-32]. Early reports on the VPA model showed cerebel-
lar and brainstem alterations similar to those seen in ASD
patients [30, 33], along with reduced social interaction
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and increased repetitive behaviors [31]. The VPA model
has become an excellent tool for exploring candidate
brain areas likely to be implicated in the behavioral phe-
notype of ASD [34]. Most recently, research has focused
on the medial prefrontal cortex (mPFC) of VPA animals,
where hyperconnectivity, increased long-term potentia-
tion and changes in dendritic arborization across differ-
ent developmental periods have been revealed [32, 35-
39]. However, characterization of the cytoarchitectural,
glial and synaptic profiles in the mPFC is still missing.
Although the hippocampus of VPA animals seems to be
functionally compromised, as revealed by social and spa-
tial deficits [31, 40, 41], changes in dendritic spine den-
sity [39] and cytoarchitecture in adulthood [42] are the
only evidence reported on hippocampal morphology in
this model. An extensive description of both areas is rel-
evant for understanding the neurobiological basis of the
VPA phenotype and learning about possible candidates
for interventions in ASD. In the present work we aim to
study early cellular and molecular changes that might
give support to the synaptic hypothesis proposed for ASD
and to look for concomitant glial changes. To this aim, we
studied - at an early time point when social and explor-
atory impairments have already been established - the
cytoarchitecture and expression pattern of synaptic and
glial markers and of key determinants of synaptic adhe-
sion in the mPFC and hippocampus from juvenile VPA
animals.

Methods

Animals and Drugs

Wistar rats (Facultad de Ciencias Exactas y Naturales, UBA)
were housed in an air-conditioned room (temperature: 20 + 2°C)
and maintained on a 12-hour light/dark cycle with food and water
ad libitum. Experiments were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals provided by the
NIH, USA. The experimental protocols were approved by the Eth-
ics Committee for the Care and Use of Laboratory Animals of the
School of Pharmacy and Biochemistry at the University of Buenos
Aires (Approval No. 180613-1). Special care was taken to minimize
the number of animals used and their suffering.

All chemical substances were of analytical grade. Sodium val-
proate, cresyl violet, 4',6-diamidino-2-phenylindoledihydrochlo-
ride (DAPI) and lectin from Lycopersicon esculentum (tomato)
conjugated with FITC were purchased from Sigma-Aldrich Inc.
Mouse monoclonal anti-NCAM (clone 5B8) and anti-PSA-NCAM
(clone 5A5; both Hybridoma Bank), anti-synaptophysin (SYN;
Chemicom Inc.), anti-glial fibrillary acidic protein (GFAP; Dako),
and anti-NeuN (Millipore-Chemicon) were used, as well as sec-
ondary fluorescent antibodies (Jackson ImmunoResearch Labora-
tory Inc.).
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Fig. 1. Schematic representation of the experimental design. IHC =
Immunohistochemical. a Experimental groups were defined by
prenatal pharmacological treatment. Wistar female adult rats were
mated overnight and the morning when spermatozoa were found
was designated as E0. On E11.5, either 500 mg/kg VPA or saline
were administrated intraperitoneally and the corresponding pups
assigned to VPA and control groups, respectively. b Between
PND7 and 16, VPA and control animals were tested for body
weight, eye opening, swimming, negative geotaxis, and olfactory

VPA Model

VPA Injection during Pregnancy

Nulliparous adult female Wistar rats were mated overnight.
The morning when spermatozoa were found was designated as
embryonic day 0 (E0). Dams were randomly assigned to either
control (n = 4) or sodium valproate (VPA, n = 4) groups. On E11.5
(fig. 1a) females received a single intraperitoneal injection of saline
solution (control) or 500 mg/kg VPA according to previous re-
ports [30, 31, 40], with modifications. Sodium valproate was dis-
solved in saline solution (250 mg/ml) [31]. The females were
housed individually and were allowed to raise their own litters
until weaning on postnatal day (PND) 23. To confirm the low tox-
icity of 500 mg/kg VPA, we measured the following parameters.
The reabsorption rate (percentage of dams from which a vaginal
plug had been detected that did not give birth to a single pup) of
the VPA group was 25%, as in Favre et al. [43]. Consequently, the
number of VPA dams that gave birth was 3. Dam body mass
(DBM) gain during pregnancy [(DBM21 - DBM11)/litter size]
was 10.8 + 2.8 g and 104 + 2.1 g (p > 0.05, Student’s t test) for
controls and VPA, respectively. Litter size (control 12.2 + 1.7 and
VPA 10.5 +2.8; p> 0.05, Student’s t test) was not different between

mPFC and Hippocampal Connectivity
and Neuroinflammation in VPA Rats

discrimination. On PND23, the offspring were separated from the
dams and 7 days later (from PND30 to 35) were tested for social
interaction and exploratory and repetitive activities. On PND35,
VPA and control animals were submitted to fixation procedures
for brain immunohistochemical studies. ¢ Images of prefrontal
and hippocampal slices within the range considered for immuno-
histochemistry quantification with detailed indications of photo-
graphed areas (rectangles). PND = Postnatal day.

treatments, in accordance with Favre et al. [43]. The offspring ex-
hibited good health with no physical malformations. On PND3,
the litters were culled to 12 animals, keeping proportion between
males and females. Only the males were used for subsequent stud-
ies.

Postnatal Growth and Maturation Development

Postnatal growth and maturation development were evaluated
according to Schneider and Przewlocki [31]. Evaluation was per-
formed in the light phase (from 11 a.m. to 4 p.m.); 12 control and
8 VPA pups (from 4 and 3 different dams, respectively) were used.
Weight gain was measured on PND7, 14 and 23, and eye opening
was observed once daily from days 12 to 16 and scored from 0 to
2 according to the number of opened eyes.

Behavioral Analysis

All behavioral experiments were performed in the light phase
(11 a.m. and 4 p.m.); 12 control and 8 VPA pups (from 4 and 3 dif-
ferent dams, respectively) were used. Control and VPA animals
were treated in the same way and special care was taken to mini-
mize testing time and avoid pup stress.
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Early Postnatal Evaluation between PND7 and 16

The pups were subjected to behavioral developmental tests ac-
cording to St. Omer et al. [44] and Schneider and Przewlocki [31]
(fig. 1b). Between PND7 and 10, negative geotaxis was observed
once daily. The pups were timed for completing a 180° turn when
placed in a head down position on an inclined surface of 25°. A
cutoff time of 180 s was set and the pups were given three trials per
day. The final score was the average of the three trials.

On PNDS, 10, 12, and 16, swimming performance was evalu-
ated in an aquarium filled with water (30 + 2°C) leveled at 20 cm.
Each animal was plunged at the center of the aquarium and ob-
served for 5-10 s. Swimming performance was evaluated according
to the position of the nose and head (angle) on the surface of the
water. The angle of swimming was rated as follows: 0 = head and
nose below the surface; 1 = nose below the surface; 2 = nose and top
of head at or above the surface but ears still below the surface; 3 =
the same as 2 except that the water line was at mid-ear level, and
4 = the same as 3 except that the water line was at the bottom of the
ears. The pups were dried and returned to the home cages [45].

On PND?9 and 10, olfactory discrimination was tested. The ap-
paratus consisted of a wooden container of 20 x 8 x 8 cm?® (length
x width x height) with two small plastic bins inside separated by a
central platform of 8 x 2 x 0.5 cm® (length x width x height) and
with a clear plastic cover on top of the container. One bin was filled
with clean bedding while the other was filled with averaged 3-day-
old home cage bedding. A line was drawn on the plastic cover
above the center of each bin. Each pup was placed on the central
platform and the latency to enter the home bedding side by cross-
ing the designed line with the front paws and head was timed. Cen-
tral placement of the pup was balanced by altering the pup facing
to or away from the experimenter [46] (fig. 1b).

Behavioral Evaluation at PND30-35

Exploratory activity was assessed in a small open field. The ap-
paratus consisted of a wooden rectangular box of 66 x 57 x 40 cm®
(length x width x height), with two holes in the shorter and three
in the longer walls of the box, located regularly 2 cm over the floor.
The number of rearings and hole pokings (when an animal puts its
nose inside the hole) was measured during a 3-min session [31].

Social play behavior was assessed in an acrylic plastic circular
cage of 36 x 30 cm? (diameter x height) with approximately 2 cm
of wood shavings covering the floor. The test area was illuminated
by a 42-watt red light bulb mounted 50 cm above the floor. On the
day of the experiment, the animals were socially isolated for 3.5 h
prior to the experiment in order to increase social play [47]. Ac-
cording to the characterization of social deficits in the VPA rat
model done by Schneider and Prezwtloki [31] in unfamiliar condi-
tions, the test consisted in placing 2 animals from the same group
but different litters and cages into the test cage (VPA vs. VPA;
control vs. control). In these unfamiliar conditions, the animals
were not habituated but tested for 15 min [31, 48, 49]. Pairs were
tested in a randomized order for groups and the animals did not
differ by more than 15 g in body weight. Image acquisition was
done with a SONY CCD-TRV75 camera recorder placed 60 cm
above the test area and connected to a personal computer with
AVerTV A833 video capture, while behavior was assessed offline.
Latency and number of pinnings (when 1 of the animals is lying
with its dorsal surface on the floor of the test cage with the other
animal standing over him [31]) and sniffing and social behavior
unrelated to social play behavior (following/approaching the test
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partner and mounting/crawling over the test partner) were mea-
sured for each pair of control or VPA animals. For this test, sample
size corresponds to the number of analyzed videos, as behavior was
quantified by pair of animals and not individually.

To assess repetitive behavior, each animal was placed individu-
ally into a dimly illuminated novel open field of 45 x 45 x 20 cm®
(length x width x height). After a 20-min habituation period, a 10-
min video recording started. Offline quantification of self-groom-
ing episodes was performed (fig. 1b).

Histology and Immunostaining

At PND35 the animals were deeply anesthetized (100 mg/kg
ketamine hydrochloride and 6 mg/kg xylazine, i.p.), transcardially
perfused with heparinized saline solution and fixed with 4% para-
formaldehyde in 0.1 M phosphate buffer. Brains were postfixed in
the same fixative solution and equilibrated in 0.1 M phosphate buf-
fer containing 25% (w/v) sucrose. The mPFC and hippocampus
were serially sectioned in a freezing microtome and the free-float-
ing coronal 30-pm-thick tissue sections were stored at -20°C in
25% (w/v) sucrose in phosphate buffer. These sections were either
used to perform cresyl violet staining or blocked with 3% (v/v)
normal goat serum for immunostaining [50]. NCAM, GFAP and
neuronal-specific nuclear protein (NeuN; 1:2,000), NCAM polys-
ialylated form (PSA-NCAM) and SYN (1:1,000) primary antibod-
ies followed by Rhodamine Red™ or FITC-labeled secondary an-
tibodies, DAPI (1 ug/ml) and tomato lectin (1:1,000) conjugated
with FITC were used. Secondary antibody controls were per-
formed in the absence of primary antibodies. NCAM-, PSA-
NCAM-, SYN-, and GFAP-positive structures were quantified as
relative immunoreactive area (immunoreactive area/total area)
[50, 51]. The total area corresponded to the granular and molecu-
lar layers in the superior and inferior blades (SB and IB) of the
dentate gyrus and to pyramidal and stratum lucidum and radiatum
in CA3 (fig. 1c). Images were processed with the Image] (NIH)
software as described below. Images taken with the microscope
were captured with a digital camera and transformed to an 8-bit
gray scale, and an interactive threshold selection was carried out as
previously described [50, 51]. Briefly, a range of gray value (thresh-
old value) was interactively selected to allow the segmentation of
the specific signal from the background. Once the threshold was
determined, it was kept fixed for the entire experiment. Following
threshold selection, identification of the immunolabeled struc-
tures was performed using the software, and finally the area frac-
tion covered by immunostained structures was quantified with the
particle counting tool of the Image]J software. NeuN immunoreac-
tive nuclei were counted as NeuN-positive structures employing
the Image]J cell counter plugin. In the hippocampus, the number
of nuclei was measured in the pyramidal and granular cell layers.
In the mPFC (fig. 1¢), the number of nuclei in the full field of view
was considered for neuronal number per unit area measurement.
For microglia, tomato lectin-positive structures were quantified as
relative immunoreactive area in three spots free of microvascula-
ture per image. Spots were located in the molecular layer of SB and
IB and in the stratum lucidum and radiatum of CA3. Single image
values corresponded to the average of the three analyzed spots.
Only tissue sections corresponding to plates 6-9 (from bregma
4.20t02.70) for the mPFC and 29-35 (from bregma -2.80 to —4.30)
for the hippocampus of the atlas of Paxinos and Watson [52] were
included in the quantifications. An Eclipse 50i Nikon epifluores-
cence microscope equipped with a Nikon DS-5M cooled camera
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and a Zeiss Axiophot microscope (Carl Zeiss, Oberkochen, Ger- Results

many) equipped with an Olympus Q-Color 5 camera were em-
ployed. Figures were prepared using Adobe Photoshop 7.0 soft-
ware (Adobe Systems Inc.). Brightness and contrast were kept con-
stant between the experimental groups.

Results are expressed as mean values (+SEM) of 6 animals per
group (from 4 control and 3 VPA different dams). Each immuno-
histochemistry assay consisted of 6-8 PFC or 5-6 hippocampal
serial sections of each animal per group. Each experiment was re-
peated 2-4 times.

Statistical Analysis

Statistical significance of differences between the control and
VPA groups in immunostainings, weight gain, exploratory and re-
petitive activities, and social behavior was determined by Student’s
t test. Other behavioral tests (eyes opening, negative geotaxis,
swimming test, and olfactory discrimination) were analyzed by the
nonparametric Mann-Whitney U test. Statistical significance was
setat p < 0.05.

mPFC and Hippocampal Connectivity
and Neuroinflammation in VPA Rats

Delayed Growth, Maturation and Behavioral

Development in VPA Animals

In order to determine early behavioral features of VPA
animals, postnatal growth, maturation and behavioral
development were evaluated on PND7-16 as schema-
tized in figure 1 in control (n = 12) and VPA (n = 8) ani-
mals. VPA rats showed significantly lower body weight
on PND14 and 23 (p < 0.01), with no difference from con-
trols on PND7 (fig. 2a). A 2-day delay in eye opening was
found in the VPA group (fig. 2b). While control pups had
both eyes opened by PND14 (p < 0.001), it was not until
PND16 that VPA animals did so. VPA pups scored lower
than control pups at the swimming test on PND8 (p <
0.01) and 10 (p < 0.05), showing no difference with con-
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Fig. 3. As early as PND35, VPA animals exhibited reduced explor-
atory activity and social interaction. VPA animals showed fewer
hole pokings (a) and a similar number of rearings (b) in the ex-
ploratory activity test. ¢ Increased repetitive self-grooming was
found in VPA animals. d When paired with the same group but
novel partners from a different litter, the VPA group showed re-
duced frequency of pinnings and sniffing but matching the num-

trol animals afterwards on PND12, 15 and 16 (fig. 2¢).
When negative geotaxis was evaluated, latency to a 180°
turn was higher in VPA animals on PND8, 9 and 10 (p <
0.001) but did not differ from controls on PND?7 (fig. 2d).
VPA animals required more time to reach home bedding
on PND9 (p < 0.01) but showed no difference on PND10
(fig. 2e). These results indicate delayed maturation,
growth and behavioral development in VPA animals.

Exploratory and Social Deficits in VPA Animals Are

Revealed as Early as PND35

Exploratory and social impairments are core behav-
ioral deficits of the VPA model [31]. We studied these
behavioral alterations at an earlier time point than that
previously described by evaluating exploration and social
play interaction between PND30 and 35 (fig. 1b). The
amount of hole pokings was significantly lower in the
VPA animals (p < 0.01; control n = 12, VPA n = 8; fig. 3a).
The number of rearings did not differ between groups
(fig. 3b). Moreover, VPA rats showed increased repetitive
self-grooming ( p < 0.05; control n =4, VPA n =4; fig. 3¢).
Animals from the same group but different litters were

6 Dev Neurosci
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ber of nonplay behaviors. e There were no differences in the la-
tency to start pinnings, sniffing or nonplay behaviors. Data are
expressed as mean values (+SEM; control n = 12, VPA n = 8 for
a and b; control n = 4, VPA n = 4 for ¢; controln =9, VPAn =7
fordand e). * p < 0.05; ** p < 0.01; *** p < 0.001, between bars by
Student’s t test.

paired for the social interaction test. When the number of
pinnings was evaluated, the VPA animals exhibited lower
social interaction than the controls (p < 0.05; control n =
9, VPA n = 7; fig. 3d). There were no differences in the
total amount of nonplay behaviors (p > 0.05), and sniffing
frequency decreased in VPA animals (p < 0.01; control
n =9, VPA n = 7; fig. 3d). Similar latencies to pinning,
sniffing and nonplay behaviors were found in the VPA
and control groups (fig. 3e). Thus, repetitive activity and
exploratory and social deficits characteristic of the behav-
ioral phenotype of the VPA model were evidentat PND35.

Cytoarchitecture Alterations and Reactive Gliosis in

the mPFC of VPA Rats

Although alterations in connectivity and dendritic ar-
borization in the mPFC of VPA animals have been previ-
ously reported [35, 39], the histological characteristics of
this brain area remain unexplored. To this aim, we eval-
uated cell organization, neuronal distribution and glial
profile in the mPFC of control and VPA animals. Cyto-
architecture of mPFC evaluated by Nissl staining re-
vealed that classical cortical columns were preserved in
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Fig. 4. Characteristic columnar organization and reactive gliosis in
the mPFC of VPA animals. a Nissl staining and NeuN immunostain-
ing in the mPFC revealed altered columnar cytoarchitecture in VPA
animals, particularly showing a broader intercellular space. Quanti-
fication of NeuN-positive structures showed no difference in cell
number. Arrows point at neuronal nuclei, and arrowheads indicate
small nuclei typical of glia lineage. Red lines show cortical columns.
b Tomato lectin labeling revealed increased microglia in the mPFC
of VPA animals. Right panels from each group detail 2x magnifica-

VPA animals. However, neurons were disposed follow-
ing an atypical spatial arrangement. Particularly, neu-
rons were highly heterogeneous in shape and size, and
the intercellular space was wider in VPA animals. NeuN
immunostaining confirmed this particular neuronal ar-
rangement in VPA animals (fig. 4a). Determination of
neuronal number by NeuN immunostaining showed
that the amount of NeuN-positive cells did not signifi-
cantly differ between groups (fig. 4a), suggesting that a
reduction in the number of neurons could hardly con-

mPFC and Hippocampal Connectivity
and Neuroinflammation in VPA Rats

tion of tomato lectin/DAPI immunostaining. Microgliosis was con-
firmed by quantification of relative immunoreactive area. Arrows
point at microglia labeling, and the arrowhead indicates microvas-
culature. cIncreased GFAP immunolabeling was found in the mPFC
of the VPA group. Quantification of relative immunoreactive area
confirmed the increased GFAP labeling, indicative of reactive astro-
gliosis. Data are expressed as mean values (+SEM; controln =6, VPA
n = 6). Each experiment was repeated 2-4 times. * p < 0.05; ** p <
0.01, between bars by Student’s t test. Scale bar = 50 pm.

tribute to the increased intercellular space seen in VPA
animals. In this group, Nissl staining also showed abun-
dant small nuclei corresponding to cells of the glial lin-
eage. Microglia labeling with tomato lectin and astrocyte
labeling with GFAP showed increased immunostaining
in VPA animals that was confirmed by quantification of
relative immunoreactive areas (tomato lectin p < 0.01,
GFAP p <0.05; control n =6, VPA n = 6; fig. 4b, ¢). These
findings indicate reactive gliosis in the mPFC of VPA
animals.
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Altered Cytoarchitecture, Spread Microgliosis and
Subregion-Dependent Reactive Astrogliosis in the
Hippocampus of VPA Animals

Until now, a few brain areas other than mPFC have
been related to the behavioral phenotype of VPA animals.
Due to its functional participation in the ontogeny of the
altered behaviors, the hippocampus emerges as an area
worth exploring. Thus, we studied hippocampal cell or-
ganization by Nissl staining, which revealed abnormal
cell cytoarchitecture in CA3, IB and SB of VPA animals
(fig. 5a). In control animals, the CA3 region showed the
classical compact organization with closely packed cells
and neat upper and lower limits of the pyramidal layer.
VPA animals showed a spread cell arrangement with dif-
fuse boundaries and cell positioning out of the pyramidal
layer. Similar alterations were found in the granular layer
of the SB and IB of the dentate gyrus. This layer showed
less compact cell disposition and diffuse boundaries.

To confirm the neuronal identity of the disorganized
cell arrangement, NeuN immunostaining was evaluated
(fig. 5b). The number of NeuN-positive cells in the CA3
pyramidal layer of VPA animals was not significantly dif-
ferent from that shown in controls, whereas the CA3 area
occupied by these cells was significantly larger (p < 0.001;
control n = 6, VPA n = 6). Consequently, neuronal num-
ber per unit area was lower in the CA3 of VPA animals
(p < 0.01; control n = 6, VPA n = 6). This parameter was
also reduced in the SB and IB of VPA animals (SB p < 0.05,
IB p <0.01; control n = 6, VPA n = 6). In these hippocam-
pal subregions a trend toward a lower neuronal number
in the granular layer was accompanied with no changes
in the occupied area.

To assess whether hippocampal glial cells were affect-
ed, we studied microglia and astrocytes by tomato lectin
and GFAP immunostaining, respectively. VPA animals

Fig. 5. Altered cytoarchitecture, spread microgliosis and subre-
gion-dependent astrogliosis in the hippocampus from VPA ani-
mals. pyr = Pyramidal cell layer; gra = granular layer. a Nissl stain-
ingin CA3, SB and IB areas revealed abnormal cell cytoarchitecture
in the hippocampus of VPA animals. In CA3, the cells distributed
laxly in the pyramidal layer, creating nondefined upper and lower
boundaries. Similarly, SB and IB granular layers had a less compact
organization and diffused limits. b NeuN immunostaining in CA3,
SB and IB areas of the hippocampus showed the same neuronal or-
ganization pattern as that revealed by Nissl staining. Quantification
of NeuN-positive structures showed no differences in neuronal
number in any hippocampal subregion. In the CA3 of the VPA
group, the occupied area increased, thus rendering a decreased
number of neurons per CA3 unit area. In the SB and IB of VPA
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showed an increased tomato lectin relative immunoreac-
tive area in the three hippocampal subregions (CA3 and
SB p <0.01, IB p < 0.05; control n = 6, VPA n = 6; fig. 5¢).
The GFAP relative immunoreactive area increased in
CA3 (p < 0.01; control n = 6, VPA n = 6) and did not
change in the SB or IB of the dentate gyrus of VPA ani-
mals (fig. 5d). These results indicate spread hippocampal
microgliosis and CA3-specific astrogliosis in the hippo-
campus of VPA animals.

Contrasting SYN Labeling But Similar High NCAM/

PSA-NCAM Expression Ratio between mPFC and

Hippocampus of VPA Animals

Taking into account the hypothesis that centers the
study of autism on the synapse and our findings concern-
ing the altered neuronal distribution in the VPA model,
we studied the expression pattern of the synaptic vesicle
protein SYN and of NCAM, an adhesion molecule found
altered in autistic patients [26, 29]. In the mPFC, VPA
animals showed increased SYN (p < 0.01; control n = 6,
VPA n = 6; fig. 6a) and NCAM (p < 0.001; control n = 6,
VPA n = 6; fig. 6b) together with reduced PSA-NCAM
relative immunoreactive areas (p < 0.01; control n = 6,
VPA n = 6; fig. 6¢) compared to control animals. Con-
cerning SYN immunostaining and in contrast to what we
described in mPFC, the SYN relative immunoreactive
area decreased in all the studied hippocampal subregions
of VPA animals (p < 0.001; control n = 6, VPA n = 6;
fig. 7a). NCAM immunostaining increased in the CA3
region (p < 0.001; control n = 6, VPA n = 6) and was un-
changed in the SB and IB of the dentate gyrus (fig. 7b).
On the other hand, PSA-NCAM immunoreactivity de-
creased in CA3 (p < 0.001; control n = 6, VPA n = 6) and
the IB (p < 0.01; control n =6, VPA n = 6) of VPA animals
but it was similar to controls in the SB (fig. 7c). Conse-

animals, the neuronal-occupied area showed no statistical differ-
ence, but neuronal number per granular unit area decreased. ¢ In-
creased microglial cell labeling with tomato lectin in all studied hip-
pocampal subregions of VPA animals. Right panels show 2x mag-
nification of tomato lectin/DAPI immunostaining. Quantification
of relative immunoreactive area confirmed hippocampal microg-
liosis in the VPA group. Arrows point at microglia labeling and the
arrowhead indicates microvasculature. d Astrocyte immunostain-
ing with GFAP increased in CA3 and remained unchanged in the
SB and IB areas of VPA animals. GFAP quantification confirmed
CA3-specific astrogliosis in the VPA group. Data are expressed as
mean values (+SEM; control n = 6, VPA n = 6). Each experiment
was repeated 2-4 times. * p < 0.05; ** p < 0.01; *** p < 0.001, be-
tween bars by Student’s t test. Scale bar = 50 pm.

(For figure see next pages.)
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Fig. 6. Increased synaptic marker expression and NCAM/PSA-
NCAM ratio in the mPFC of VPA animals. Ab = Antibody. SYN
(a) and NCAM (b) immunostainings increased in the mPFC of
VPA animals, as confirmed by quantification of relative immuno-
reactive area. Insets in a correspond to 3x magnification of SYN
immunostaining. ¢ PSA-NCAM immunostaining clearly de-
creased in the mPFC of VPA animals. Quantification confirmed
PSA-NCAM relative immunoreactive area reduction in VPA ani-

Fig. 7. Hippocampal SYN deficit is accompanied with subregion-
specific NCAM/PSA-NCAM ratios in VPA animals. pyr = Pyra-
midal cell layer; sl = stratum lucidum; sr = stratum radiatum; gra =
granular layer; sgra = subgranular layer. a Decreased SYN immu-
nostaining in CA3, SB and IB areas of the hippocampus of VPA
animals. SYN reduction was confirmed by relative immunoreac-
tive area quantification. Insets (3x magnification) detail SYN im-
munostaining pattern. b NCAM immunostaining increased in

mPFC and Hippocampal Connectivity
and Neuroinflammation in VPA Rats

mals. d Microphotographs of secondary antibody negative con-
trols show DAPI labeling and lack of red immunofluorescence in
the absence of NCAM primary antibody. The same results were
obtained in the absence of SYN and PSA-NCAM primary antibod-
ies. Data are expressed as mean values (£tSEM; control n = 6, VPA
n = 6). Each experiment was repeated 2-4 times. ** p < 0.01; ***p <
0.001, between bars by Student’s t test. a—c Scale bar = 50 pum.
d Scale bar = 65 um.

CA3 and remained unaltered in the SB and IB of VPA animals, as
confirmed by relative immunoreactive area quantification. ¢ PSA-
NCAM immunostaining and relative immunoreactive area de-
creased in CA3 and IB and were unchanged in the SB of VPA ani-
mals. Data are expressed as mean values (+SEM; control n = 6,
VPA n = 6). Each experiment was repeated 2—4 times. ** p < 0.01;
**% p < 0.001, between bars by Student’s t test. Scale bar = 50 pm.

(For figure see next pages.)
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quently, the hippocampal NCAM/PSA-NCAM expres-
sion ratio increased in CA3 and IB but was unchanged in
the SB of VPA animals.

Discussion

In the present work, we explored the complexity of
ASD from a histochemical point of view by characteriz-
ing brain areas relevant to the behavioral phenotype of
the VPA rat model of autism. We searched for early
structural and molecular changes in the mPFC and hip-
pocampus that would be coincident in time with the be-
havioral alterations of the VPA model. With this aim, we
firstly confirmed growth, maturation and behavioral de-
velopment delay in the VPA rats between PND7 and 16
and then performed our study as early as social and ex-
ploratory deficits could be documented (PND30-35).
There have been previous reports by Schneider and
Przewtocki [31], who described these impairments but in
a time window ranging from PND30 to 50. In compari-
son, in the present work we were able to demonstrate

mPFC and Hippocampal Connectivity
and Neuroinflammation in VPA Rats

social and exploratory deficits at an earlier and narrower
postnatal period (PND30-35), a finding that was crucial
to define our time point for cellular and morphological
evaluation.

Several brain areas have been implicated in the behav-
ioral alterations described in ASD patients. Not surpris-
ingly, due to its well-known integrative function, abnor-
malities in the PFC have been highly associated with com-
munication and social deficits in autism [19]. Postmortem
brain samples of autistic patients revealed histological al-
terations in this area. For instance, minicolumns are char-
acterized by significantly smaller cells and a less compact
intracolumnar arrangement [5]. In the present study we
show columnar disorganization in the mPFC of VPA rats
for the first time, mimicking that described in autistic pa-
tients. Moreover, we confirm neuronal participation in
the mPFC cytoarchitectural changes. Even though co-
lumnar organization is partially preserved in VPA rats,
neurons look smaller and sparser, thus rendering a broad-
er interneuronal space. The fact that we were able to doc-
ument these findings in the medial region of PFC also
provides novel evidence that strongly suggests a link be-

Color version available online
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tween these structural alterations and the VPA behavior-
al phenotype.

Despite a thorough knowledge of the role of the hip-
pocampal formation on emotion, motivation and social
functioning [53], this region has been poorly explored
in autistic patients, and results are contradictory. For
instance, MRI studies of patients diagnosed with autism
show either increased, decreased or unchanged hippo-
campal volume [10-13]. Histological reports in post-
mortem samples described reduced soma size and num-
ber of dendritic branches in hippocampal region CA3
[9]. In the hippocampus of autistic patients, Bauman
and Kemper [54] showed smaller neurons with in-
creased cell density, while Bailey et al. [55] reported a
trend toward a decrease in neuronal density in CA sub-
fields. In our study, VPA rats show evidence of neuronal
disorganization in all of the studied hippocampal sub-
regions. Pyramidal and granular cell packing is less
compact, and cell layer boundaries are diffuse. Being
that the neuronal number remained unchanged, the in-
creased occupied area seems to account for the reduc-
tion in the number of neurons per unit area seen in the
hippocampus of VPA rats. Consequently, our findings
are in agreement with those described by Bailey et al.
[55] in autistic patients and support the notion that
neuronal disorganization does exist in the hippocampus
of VPA rats. On the other hand, to our knowledge there
is only one previous report that studied cell organiza-
tion in the hippocampal subfields of VPA rats, but an
increased cell density was found [42]. The discrepancy
with our results could be due to the fact that Nissl
staining was used in that study, whereas we used NeuN
immunostaining, which specifically labels neuron
nuclei.

Concomitant with neuronal disorganization, our re-
port is the first to show both reactive microglia and astro-
cytes in the mPFC and hippocampus of VPA rats. Our
findings are in agreement with the microgliosis and astro-
gliosis described in the PFC [7, 8] and other brain areas
[56] of postmortem ASD patients. Furthermore, after
finding altered hippocampal glutamate metabolism, Br-
istot Silvestrin et al. [57] suggested glial compromise in
VPA rats. Herein, we not only demonstrate that reactive
astrocytes are present in the hippocampus of VPA ani-
mals, but we also show microglial reactivity in this area.
Interestingly, we provide evidence in favor of a spread
reactive microgliosis but CA3-circumscribed astrogliosis.
Consequently, cytoarchitectural changes in VPA animals
are accompanied with gliosis both in the mPFC and hip-
pocampus, but they differ from each other in terms of the

14 Dev Neurosci
DOI: 10.1159/000375489

particular pattern. Accordingly, our findings are in line
with the neuroinflammation described in autistic patients
[7,8] and highlight the neuroglial cross-talk as an interac-
tion worth studying. Future studies will shed light on
whether neuronal and synaptic alterations promote reac-
tive gliosis in the VPA model.

Regarding the alterations in brain connectivity pos-
tulated in ASD, it has been proposed that local hyper-
connectivity and long-distance hypoconnectivity are
key actors in the physiopathology of these disorders [21,
35]. It is worth mentioning that several of the findings
that gave rise to the synaptic hypothesis might as well
represent the molecular mechanisms underlying these
connectivity changes, which were classified by Wass
[21] as structural connectivity. For instance, alterations
in adhesion molecules have been described in autistic
patients [22-26]. Among other relevant findings, muta-
tions in genes encoding NLGN-3/4 and NCAM, as well
as altered NCAM brain expression, have been reported
in ASD patients [22, 26, 29]. Moreover, the NCAM
polysialyltransferase encoded-gene (ST8SIA2) has been
pointed out as a noteworthy association for autism [58].
In the VPA model of autism, neuroligin-3 expression
has been shown to be decreased [59]. Herein, we studied
NCAM and its polysialylated form (PSA-NCAM) in ju-
venile VPA rats. NCAM participates in synapse forma-
tion, maturation and plasticity [60-64],and PSA-NCAM
has arole in synapse formation and remodeling [65-67].
Moreover, PSA-NCAM decrease has been shown to de-
regulate the NMDA receptor [68] and compromise tro-
phic support [69], leading to dendritic and synaptic al-
terations [70, 71]. Concomitantly with exploratory and
social deficits, we interestingly revealed an increased
NCAM/PSA-NCAM ratio in the mPFC and hippocam-
pus of juvenile VPA rats. In fact, in most cases, PSA-
NCAM expression decreased along with an increase in
NCAM levels. In accordance with our results, it has been
described that mice lacking polysialyltransferases dur-
ing development show social interaction deficits [72].
Furthermore, it is worth noting that Foley et al. [41]
failed to find differences in the number of PSA-NCAM-
positive cells in the dentate gyrus of adult VPA animals.
However, in agreement with our findings and based on
the lack of increased NCAM polysialylation after a spa-
tial task in VPA animals, the authors suggested a defec-
tive regulation of NCAM polysialylation in the dentate
gyrus of adult VPA animals.

Intriguingly, the mPFC and hippocampus differ in
terms of the synaptic marker SYN. Since SYN levels are
associated with synaptic density and/or synaptic vesicle
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density [73], our results in the mPFC are in agreement
with the local hyperconnectivity described by Rinaldi et
al. [35] in this brain region. On the contrary, it is difficult
to speculate about the impact of decreased SYN levels to-
gether with an increased NCAM/PSA-NCAM ratio on
hippocampal connectivity. As discussed by Bringas et al.
[39] based on differential mPFC and hippocampal den-
dritic arborization, it could be proposed that reduced hip-
pocampal SYN expression renders connectivity changes
opposed to those found in mPFC. However, increased
NCAM levels might act as a functional balance. It should
be mentioned that a recent study in VPA animals showed
increased SYN expression both in the cerebral cortex and
hippocampus [74]. Discrepancies with our findings could
be due to the age of the VPA rats, which is not explicitly
cited in the report. Overall, it should be noted that when
the hippocampus-mPFC pathway is considered [75], lo-
cal findings should also be contextualized, taking into ac-
count long-distance connections [2].

Even more intriguing is the fact that in the hippo-
campus of VPA rats, some of our findings were subre-
gion dependent. SYN levels were homogeneously de-
creased regardless of the hippocampal subregion ana-
lyzed, but NCAM increased in the most disorganized
subregion (CA3). On the other hand, PSA-NCAM re-
duction was accompanied with reactive astrogliosis.
Surprisingly, SB behaved completely differently from
the other two subregions, since the NCAM/PSA-NCAM
ratio did not change at all. Therefore, it could be postu-
lated that each hippocampal subregion might be differ-
ently affected by the particular NCAM/PSA-NCAM
balance in the context of decreased SYN levels. Further
studies are required to shed light on local hippocampal
connectivity.
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cated in the observed behavioral alterations. Our work
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lights the hippocampus as a brain area worth exploring
in the physiopathology of these disorders. Based on the
SYN and NCAM/PSA-NCAM ratio results, our work
suggests that the mPFC and hippocampus might behave
differently in the context of the local hyperconnectivity
and synaptic hypotheses of autism.
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