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Abstract. Autism spectrum disorder (ASD) is a heterogeneous 
neurodevelopmental disorder characterized by deficits in 
social communication and social interaction, and repetitive 
and stereotypical patterns of behavior. Previously, a common 
physiopathological pathway, involving the control of synaptic 
protein synthesis, was proposed as a convergence point in 
ASD. In particular, a role for local mRNA translation activated 
by class I metabotropic glutamate receptor type 5 (mGluR5) 
was suggested in genetic syndromes with autistic signs and 
in the prenatal exposition to the valproate model of autism. 
However, the role of the other members of class I metabotropic 
glutamate receptors, including mGluR1, has been poorly 
studied. The present study analyzed the immunoreactivity for 
mGluR1a in the hippocampus of rats prenatally treated with 
valproate. Pregnant dams (embryonic day 12.5) were injected 
with valproate (450 mg/kg) and subsequently, the behavior and 
mGluR1a were evaluated at postnatal day 30. Experimental 
rats exhibited social deficit, repetitive conduct and anxious 
behaviors compared with that of the control animals. 
Additionally, the present study observed an increased level of 
mGluR1a‑immunoreactivity in the hilus of dentate gyrus and 
in the CA1 alveus region of the hippocampus. These results 
suggested an over‑functioning of mGluR1a signaling in the 
hippocampus, induced in the valproate model of autism, which 
may serve a role in cognitive and behavioral signs of ASD.

Introduction

Autistic spectrum disorder (ASD) is a highly debilitating 
developmental neuropathology characterized by impaired 
social interaction and communication, and is associated 
with stereotypical and repetitive behaviors (1). An alteration 
in the genesis and maturation of neural circuits appears to 
produce a failed connection in several regions of the autistic 
brain (2). An imbalance between glutamate and GABAergic 
systems has been suggested and a strong bias to the excit-
atory neurotransmission may be characteristic of an ASD 
brain  (3). Although ASD etiology remains elusive, it is 
clearly multifactorial. Genetic studies demonstrate a high 
degree of heterogeneity and as many as 100 genes or genomic 
imbalances have been implicated in this neuropathology (4). 
Between genetic factors, certain monogenetic types of autism 
are associated with mutations in genes for structural synaptic 
proteins; predominantly the postsynaptic cell adhesion 
proteins, including neuroligin 3 and 4, and their presynaptic 
partner neurexin 1, and the gene for postsynaptic density scaf-
folding protein SHANK3 (5‑8). Genes for functional synaptic 
proteins are also mutated in ASD, including the postsynaptic 
ubiquitin UBE3A ligase in Angelman's patients  (9,10) or 
calcium dependent activator protein (CAPS2/CADPS2), 
which is involved in neurotrophin secretion (11). Additional 
evidence from previous genetic disorders not included in 
ASD, but presenting autistic signs, involves a particular 
signaling pathway regulating local protein synthesis in the 
dendritic compartment (12,13). Tuberous sclerosis complex 
(TSC), a genetic type of epilepsy with autistic signs, pres-
ents with dominant mutations in TSC1  or TSC2  genes 
that produce over‑activation of the mammalian target of 
rapamycin kinase (mTOR) (14). By contrast, fragile X‑mental 
retardation is a genetic type of mental disability with autistic 
signs, where the FMRP gene is transcriptionally repressed, 
causing exaggerated protein synthesis dependent‑long term 
depression  (15,16). More recent evidence directly links 
autistic mutations with synaptic translation. Phosphatase 
and tensin homolog (PTEN) is a tumor suppressor gene that 
regulates TSC1/2, and individuals with germline mutations 
in PTEN exhibit macrocephaly and autistic behavior (17‑19). 
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In other autistic cases, an activating mutation in the promotor 
region of the eukaryotic initiation factor 4E (EIF4E) gene, 
the rate‑limiting component of eukaryotic translation, has 
been described (20). EIF4E is the final effector in a signaling 
pathway mediated by TSC/mTOR and is regulated, between 
others, by PTEN and FMRP that permits the generation of 
new proteins in a precise spatio‑temporal manner for neural 
plasticity occurring during development and maturation 
of brain circuits. Therefore, alteration of dendritic protein 
synthesis appears to be a common defect in genetic autism (21). 
Glutamatergic neurotransmission is an important regulator of 
this pathway. In particular, glutamate metabotropic receptor 
type 5 (mGluR5), a member of the class I family, has a probed 
role in dendritic translation. For example, in fragile X‑mental 
retardation, FMRP absence produces an excessive dendritic 
protein synthesis following the activation of mGluR5, 
resulting in synaptic pruning defects (22). However, a large 
number of autistic cases appear to have an environmental 
origin and embryonic exposition to the antiepileptic sodium 
valproate (VPA) in rats is a well‑validated experimental 
model of autism (23). In this model, an altered development 
of neural circuits has been established. In sensorial and 
prefrontal cortical areas, a hyper‑connectivity, hyper‑reac-
tivity and hyper‑plasticity has been reported  (24‑26). 
Notably, a mis‑connection implicating over‑connectivity in 
local sort distance circuits and under‑connection in the long 
distance circuits, is now recognized as a key characteristic in 
the autistic brain (2). However, the molecular mediators that 
cause this mis‑connected brain in environmentally‑induced 
autism are poorly investigated, even though increases in the 
NMDA receptor and CamKII levels have been reported in 
the rodent VPA model of autism (27). In addition, a role for 
mGluR5 has been suggested in mediating the repetitive and 
anxious‑like behaviors in the VPA model of autism (28); 
however, the role of other members of class I metabotropic 
glutamate receptor as mGluR1 is poorly investigated. In the 
context of a supposed alteration in synaptic protein synthesis 
in autism, the present study investigated if upstream regula-
tors of this process, including mGluRs, are located at the point 
of convergence between genetic and non‑genetic autism. The 
aim of the present study was to analyze the immunoreactivity 
for mGluR1a and mGluR5 in the hippocampus of rats treated 
with VPA in the prenatal period.

Materials and methods

Animals. A total of 24 pregnant Sprague‑Dawley rats (Faculty 
of Chemical and Pharmaceutical Sciences, Universidad de 
Chile, Santiago, Chile) were housed in 25x45x15 cm cages 
under standard conditions (21˚C and 12 h light‑dark cycle) with 
free access to food and water. To generate the animal model of 
autism, pregnant female rats received a single intraperitoneal 
injection of 450 mg/kg VPA (Sigma‑Aldrich, St. Louis, MO, 
USA) on embryonic day 12.5 and the control group received 
a saline solution injection. Offspring were weaned at post-
natal day 21 (P21) when males and females were separated 
and housed in groups of 4‑5 littermates. Only male rats were 
used in behavioral and immunohistochemical studies. Efforts 
were made to minimize both the number of animals used and 
their suffering. All procedures were approved by the local 

Ethics Committee of the Science and Technology National 
Commission (CONICYT) in compliance with the National 
Institutes of Health Guide for Care and Use of Laboratory 
Animals (8th edition).

B e h a v i o ra l  t e s t s .  A l l  t e s t  we r e  p e r fo r m e d 
between 9:00 and 15:00, and where recorded by a Logiteck 
camera located 1.5 m from the test surface. For behavioral 
studies, sequential tests were performed considering increased 
anxiogenic behavior with a 48 h inter‑test period. A limit of 
three tests was conducted on each animal. Open‑field was 
always the first test and Y‑maze or plus‑maze was the last. To 
reduce suffering, Y‑maze and plus‑maze were never performed 
by the same animal. Between tests the apparatus was cleaned 
with 5% ethanol and every test was performed with 60 db 
of white noise. All videos where analyzed using ANY‑maze 
software (Stoelting, Wood Dale, IL, USA) by an operator in a 
blinded manner, with the exception of the Y‑Maze, which was 
analyzed manually in a blinded manner.

Open field. Locomotor and exploratory activity was evaluated 
in a 60x60 cm open field arena. The animal was placed in 
the center of the illuminated arena and was allowed 5 min to 
explore the arena. Total distance, mean speed, and time and 
frequency of grooming behavior were then determined.

Elevated plus maze. The elevated plus maze protocol was 
performed with P30 rats, as described previously (29). The 
arms of the apparatus measured 40x10 cm and the enclosed 
arms where limited by walls of 30 cm high. The open arms 
have a 5 mm elevation in the edges to enhance the exploratory 
activity (30). The arms were elevated 50 cm from the floor and 
a camera was recording from the upside. To start the test, the 
animal was placed in the center of the apparatus facing to an 
open arm (31) and exploration was recorded during 5 min.

Three chamber social test. A three‑chamber social test was 
performed in an apparatus consisting of three 30x22 cm 
chambers of transparent acrylic adjoining, each separated 
by 10x10 cm doors, as described previously by Moy et al (32). 
The animal was allowed to explore the central camera 
for 5 min and then the doors conducting to the lateral cham-
bers were opened. One of the lateral chambers houses an 
animal of the same litter (familiar congener) and the other 
chamber was void. The social behavior of the animal was 
recorded for 10 min.

Y‑Maze. The spatial memory‑Y‑Maze was performed, 
as described by Conrad et  al  (33), and consisted in three 
46x13x32 cm arms maze disposed at angles of 120 degrees 
between them. The test consisted of two stages. In the first 
test, one animal was allowed to explore only two arms of the 
maze for 15 min and was subsequently returned to its home 
cage. The second stage was performed 4 h later, but this time 
the animal is allowed to explore the three arms during a 5 min 
duration. The initial arm was alternated between animals to 
avoid preference for a direction (34).

Immunohistochemistry.  For immunohistochemical 
analysis, males were euthanized using isoflurane (Baxter, 
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Shanghai, China) and sacrificed by decapitation on P30. 
Whole brain tissue blocks were dissected briefly following 
decapitation and fixed overnight in 4% paraformaldehyde 
in phosphate buffered saline (PBS; pH 7.4). Following this, 
the tissue sections were cryoprotected in  30% sacarose. 
For free‑floating immunostaining, 40 µm coronal sections 
were obtained in a cryostat Microm HM525 (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). The tissue sections 
were treated for 45 min with 0.3% H2O2 at room temperature 
to block endogenous peroxidase activity and were subse-
quently blocked for 1 h at room temperature in blocking 
buffer (3% bovine serum albumin with 0.4% Triton X‑100 
in PBS). The tissue sections were incubated in the following 
primary antibodies overnight at room temperature: Rabbit 
anti‑mGluR5 (1:100) and rabbit anti‑mGluR1a (1:100),  
both from Thermo Fisher Scientific, Inc. The sections 
were subsequently rinsed and incubated for  2 h at room 
temperature with Biotin‑SP‑Conjugated anti‑rabbit immu-
noglobulin  G (H+L) (1:1,000; Jackson ImmunoResearch 
Labs, West Grove, PA, USA), followed by a 1 h incubation at 
room temperature with avidin/biotin horseradish peroxidase 
complex using a Vectastain ABC kit (Vector Laboratories, 
Burlingame, CA, USA). Finally, immunoreactivity was 
detected using ImmPACT DAB peroxidase substrate (Vector 
Laboratories).

Image analysis. Digital microphotographs were captured 
using a Carl Zeiss Axiolab E microscope with a digital camera 
(Cannon EOS Rebel T3) and immunoreactivity quantifica-
tion was performed using the public software ImageJ (NIH, 
Bethesda, MD, USA). In order to evaluate possible localiza-
tion difference in the immunoreactivity between control and 
VPA groups, the present study quantified the optical density 
of the different hippocampal layers and corrected by the 
background in a no staining zone in the same slice. In addi-
tion, data from the experimental group were standardized 
for the control value in the same zone in order to minimize 
technical artefacts in immunostaining procedures performed 
on different days.

Statistical analysis. All data obtained from the behavioral 
test were analyzed by one‑way analysis of variance, followed 
by Bonferroni post‑hoc test. The statistical analysis of 
densitometric immunoreactivity was performed using the 
non‑parameric Mann‑Whitney test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Behavioral studies
Social behavior. The three chamber social test is a valid 
behavioral probe to analyze probable alterations in 
social approach or avoidance behavior  (32). The present  
study evaluated the time spent in each one of the tree chambers, 
starting with the experimental animal in the central chamber 
and facing a familiar congener on one of the lateral chambers, 
while the other lateral chamber was empty. The expected 
normal behavior is a preference for spending the time in  
the occupied chamber even with the center and non‑occupied 
lateral chamber. As shown in Fig. 1A, control rats exhibited 

a preference for the occupied chamber (398.1±10.9  sec  
in familiar zone vs. 116.6±9.1  sec in center; P≤0.001).  
For the VPA‑treated group, this preference is lost demon-
strating no statistically significant difference between the 
time spent in occupied lateral chamber compared with 
the center or the empty zone (279.9±43.6 sec in occupied  
zone vs. 239.1±49.4 sec in center). This result demonstrated 
social deficit in the VPA group, a major characteristic of 
autism.

Anxiety. Anxious behavior was evaluated using the elevated 
plus maze, where experimental animals can freely explore 
two protected and two unprotected elevated arms disposed 
perpendicularly from each other. The present study quantified 
accumulated time spent in open or closed arms by VPA‑treated 
rats and have expressed the data as a percentage of the time 
spent for the control group in the respective arms. As shown 
in Fig. 1B, VPA rats spent less time, in a statistically signifi-
cant manner, in the exposed open arms and more time in the 
protected closed arms compared with that of the control group 
(100±21.4% in control vs. 33.5±11.7% in VPA for open arms, 
P≤0.05; 100±6.2% in control vs. 117.5±4.3% in VPA for closed 
arms, P≤0.05). This result demonstrated anxious behavior in 
VPA‑treated animals, also an important characteristic of autism.

Locomotor activity. General locomotor activity representing 
exploratory conduct was evaluated by quantifying distance and 
speed in an open field arena. As shown in Fig. 1C, a statisti-
cally significant reduction of ~20% was observed in both the 
total distance and the mean speed produced by VPA prenatal 
treatment (100±7% in control vs. 76.4±5.9% in VPA for total 
distance, P≤0.05; 100±7.1% in control vs. 76.5±6% in VPA for 
mean speed, P≤0.05).

Repetitive behavior. Other major characteristic of autism are 
repetitive and stereotypical behavior. In the same session of 
open field arena, the present study quantified the frequency of 
grooming events and accumulated time spent in that stereo-
typical conduct. As shown in Fig. 1D, VPA prenatal treatment 
increased by ~100% the occurrence and the time spent in 
grooming conduct during the open field session (100±14.2% 
in control vs. 197.8±16.7% in VPA for grooming frequency, 
P≤0.001; 100±25.6% in control vs. 196±27.3% in VPA for time 
spent, P≤0.05). In addition, another way to demonstrate the 
repetitive conduct reported in the VPA model, was the number 
of reentries in the same arm during the Y‑maze test, a test 
designed to evaluate spatial memory (35). As shown in Fig. 2A, 
VPA prenatal treatment doubled the number of reentries during 
the second phase in a two‑trial Y‑maze (0.94±0.26 in control 
vs. 1.94±0.4 in VPA, P≤0.05), in accord with data previously 
reported (36).

Spatial memory. Spatial memory was evaluated with a two 
trial Y‑maze test. In the first trial, animals have access to 
only two arms in a three arms maze. At 4 h later, in the 
second trial, the animals have access to the three arms and 
the normal expected conduct is a preference for the novel 
arm. Memory was evaluated by the mean time permanence 
index, expressing the proportion of the average time spent 
in the novel arm in relation to the average time spent in the 
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novel plus the known arm. As shown in Fig. 2B, a moderate 
increase of spatial memory was produced by VPA prenatal 
treatment (0.4±0.04 in control vs. 0.5±0.02 in VPA, P≤0.05).

Immunohistochemical study
mGluR5 expression. Immunohistochemical analysis for 
mGluR5 in hippocampal formation showed intense labeling in 
all dendritic fields, while cellular layers displayed less staining in 
control and VPA‑treated rats (Fig. 3A and B). Semi‑quantitative 
analysis of mGluR5 immunoreactivity labeling intensity 
demonstrated no effect of treatment in any subfields and layers 
of the hippocampus analyzed (Fig. 3C).

mGluR1a expression. Immunoreactive staining for mGluR1a 
exhibited a distinctive pattern in the hippocampal subfields, 
staining a number of cellular processes in all dendritic 
stratus of the hippocampus (hilus of dentate gyrus, stratum 
radiatum and stratum oriens of CA1 and CA3). A less intense 
staining was evident in the cellular layers (stratum pyramidale 
and stratum granulosum)  (Fig.  4). The most intense label 
intensity was found in the stratum alveus of CA1 and in its 
limits with stratum oriens, as shown in Fig. 4A. In this layer, 
somatic and dendritic elements were stained, which most 
probably corresponded to the alveus interneurons and their 
profuse dendritic network, as previously reported (37,38). The 

Figure 2. Effect of prenatal valproate treatment in stereotypical behavior and memory in Y‑maze. (A) Repetitive behavior was evaluated by the number of 
reentries in a same arm during the Y‑maze test. (B) Moderate increases of spatial memory were observed during the Y‑maze test. Memory was evaluated by the 
mean permanence index, expressing the proportion of the average time spent in the novel arm in relation to the average time spent in the novel plus the known 
one. The data are presented as the mean ± standard error of the mean (*P<0.05; n=13‑15). The control is represented by white bars while the valproate treated 
animals are represented by black bars. The data were analyzed using analysis of variance, followed by the Bonferroni post‑hoc test.

  A   B

Figure 1. Behavioral and motor effects of prenatal valproate treatment. (A) Alterations in social approach were detected in the three chamber social test. The graph 
represents accumulated time spent in familiar, center or empty chambers during a 10 min session. A familiar animal was present in one of the lateral chambers of 
the test while the other lateral chamber was empty. (B) Anxious‑like behavior in the elevated plus maze. The accumulated time in open or closed arms in a 5 min 
session is expressed as a percentage of the control. (C) Reduced locomotor activity in 5 min of 60x60 cm open field test. The total distance and mean speed are 
expressed as a percentage of the control animals. (D) Repetitive stereotypical behavior of grooming during open field session. The number of grooming events 
occurrence and the accumulated time spent in grooming are expressed as a percentage of the control. The data are expressed as the mean ± standard error of the 
mean (*P<0.05; n=8‑11 for social test and elevated plus maze and n=13‑15 for open field test). The control animals are represented by white bars and the valproate 
treated animals are represented by black bars. The data were analyzed using analysis of variance, followed by the Bonferroni post‑hoc test.

  A   B

  C   D
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Figure 4. Increase of mGluR1a‑immunoreactivity in gyrus dentate hilus and CA1 alveus subfields of hippocampus induced by prenatal valproate treatment. 
Digital microphotographs showing immunohistochemical staining for mGluR1a in dorsal hippocampal formation from postnatal day 30 (A) control and 
(B) valproate treated animals (scale bar, 500 µm). Detail of CA1 oriens/alveus limit from control and valproate treated animals (left panels). Detail of dentate 
gyrus from control and VPA‑treated animals (middle panels). The right panels are the left panel images at a higher magnification (scale bar, 50 µm). (C) Label 
intensity of digital microphotographs was analyzed in the different layers of hippocampal subfields and expressed as a percentage of the control. The data are 
presented as the mean ± standard error of the mean (*P<0.05). The control is represented by white bars and the valproate treated animals are represented by 
black bars. The data were analyzed using the Mann‑Withney test. h, hilus; g, granular; m, molecular; lm, lacunosum moleculare; r, radiatum; p, pyramidal; o, 
oriens; a, alveus; GD, dentate gyrus; CA, Ammon's horn.

Figure 3. No effect was observed in hippocampal mGluR5 immunoreactivity following prenatal valproate treatment. Digital microphotographs showing 
immunohistochemical staining for mGluR5 in dorsal hippocampal formation from postnatal day 30 (A) control and (B) valproate treated animals (scale 
bar, 500 µm). (C) The label intensity of digital microphotographs was analyzed in the different layers of hippocampal subfields and were expressed as a 
percentage of the control. The data are presented as the mean ± standard error of the mean (n=6). The control is represented by white bars and the valproate 
treated animals are represented by black bars. The data were analyzed using Mann‑Withney test. h, hilus; g, granular; m, molecular; lm, lacunosum moleculare; 
r, radiatum; p, pyramidal; o, oriens; a, alveus; GD, dentate gyrus; CA, Ammon's horn.

  A   B

  C

  A

  B

  C
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second most intense staining was found in the hilus of dentate 
gyrus, immediately adjacent to granular cell layer (Fig. 4C). 
VPA‑treated rats exhibited clearly more intense staining in 
these two later regions, CA1 alveus and hilus (Fig. 4A and B). 
Semi‑quantitative analyses revealed a statistically significant 
increase of mGluR1a immunoreactivity labeling intensity in 
CA1 stratum alveus (100±6.8 5% in control vs. 130.9±7.5% in 
VPA, P≤0.05) and hilus of dentate gyrus (100±6.3% in control 
vs. 131.6±8.8% in VPA, P≤0.05). These results indicate that 
treatment with VPA increased mGluR1a immunoreactivity in 
selected areas of the hippocampus without altering mGluR5.

Discussion

Animal models of autism are characterized by social deficit, 
anxiety, and repetitive and stereotypical behaviors  (39). In 
the present study, treatment of the rat with a unique dose 
of  450  mg/kg  VPA on gestational day  12.5  produced the 
expected triad of signs. At P30, VPA‑exposed rats exhibited 
social deficit in the three chamber social test, an anxious profile 
in the elevated plus maze and repetitive behavior, quantified 
as self‑grooming conducts or re‑entries during the Y‑maze 
performance. Additionally, all VPA‑treated rats exhibited 
a crooked tail phenotype from the earliest postnatal stages 
of development, a mild teratogenic effect, usually observed 
in the VPA model of autism (40). All characteristics in the 
experimental group confirmed this as an autistic‑like model 
of study. The immunoreactivity of mGluR5 and mGluR1a in 
the hippocampal region of P30 male control and VPA‑treated 
rats were assessed. The most important finding reported in the 
present study was the increased mGluR1a immunoreactivity 
in the stratum alveus of CA1 and in the hilus of dentate gyrus 
subfields of hippocampus produced by prenatal treatment with 
VPA, without changes in mGluR5 immunostaining.

In the open field arena, a hypokinetic condition that is 
consistent with a reduction in exploratory activity was observed, 
as has been previously reported by others in VPA‑treated 
rats using the same test  (41). This was also demonstrated 
previously with a motor alteration, and a balance and coor-
dination deficit was reported in the rotarod and vertical pole 
test (42). Motor alteration reinforces the idea that biological 
mechanisms underlying autism affect synaptic development 
in diverse brain circuits. Based on genetic evidence, synaptic 
protein synthesis regulated by the mTOR pathway appears to 
be a point of convergence between several types of autism and 
affecting different brain regions, where an apparent increase 
in mTOR signaling may be the common pathophysiological 
marker. In effect, in the TSC+/‑rodent, a hyperactive mTOR 
causes altered autophagy that most likely mediates a synaptic 
pruning deficit, parallel to these observed in an autistic 
child (43). However, a recent report demonstrated decreased 
mTOR signaling in the temporal cortex of prenatally treated 
VPA rats and in human postmortem fusiform gyrus of idio-
pathic autism (44). These authors suggest that a bidirectional 
alteration in the mTOR signaling pathway can be prejudicial to 
synaptic development and not only its exacerbation. Another 
interpretation is that in VPA‑induced autism exists with an 
increased synaptic protein synthesis independent of mTOR, 
and that decreased mTOR signaling may be a compensatory 
change to excessive activation of a different pathway. Thus, it 

is fundamental in the VPA model to evaluate other possible 
regulators of synaptic protein synthesis.

Upstream regulators of synaptic protein synthesis initiated 
by the mTOR pathway or in parallel to it are metabotropic 
glutamate receptors. Their relevance to autistic behavior has 
been clearly highlighted in fragile X‑mental disability, a neuro-
logical disorder with autistic signs (45). In the mouse model 
for fragile X‑syndrome, a hypersensitivity to mGluR5 stimula-
tion and increased Erk activation, causing increased synaptic 
protein synthesis in the hippocampus, was demonstrated (46). 
In agreement with that previous study, the mGluR5 receptor 
antagonist,  2‑methyl‑6‑phenylethyl‑pyrididine, reduces 
increased self‑grooming and marble burying, however, no 
anxiety in VPA‑treated mice (28). However, in that previous 
report, anxiety was evaluated by open field test and no social 
interaction was assessed. Nonetheless, the role of the other 
member of Class I mGluR receptor, mGluR1, has rarely been 
studied in environment‑induced autism. In this context, it is 
important that mGluR5 and mGlu1 receptors have no redun-
dant roles in the hippocampus as they differentially regulate 
CA1 pyramidal cell function (47).

The present study have analyzed mGluR5 and mGluR1a 
immunoreactivity in the hippocampal region of P30 male rats 
treated with VPA on embryonic day 12.5. The most impor-
tant finding was the increased mGluR1a immunoreactivity 
in the stratum alveus, including the limit oriens/alveus, of 
the CA1 field of the hippocampus and in the hilus of dentate 
gyrus produced by prenatal treatment with VPA. These class I 
mGluR immunoreactive cells in CA1 oriens/alveus certainly 
correspond to inhibitory GABAergic interneurons (38). The 
hippocampus has a high diversity of inhibitory interneurons, 
which form complex feedback and feedforward circuits. These 
are fundamental for hippocampal functions and, at least four 
different types of interneurons have been described in the 
oriens/alveus region, according to their electrical responses to 
class I mGluRs agonist, trans‑(1S, 3R)‑1‑aminocyclopentane‑1, 
3‑dicarboxylic acid (ACPD) (48). Oriens/alveus interneurons 
type  I express mGluR1, mGluR5 and somatostatin, while 
type II express mGluR1 and calbindin, and type III express 
only mGluR5. Type  IV also express class  I mGluRs, but 
they do not respond to ACPD (48). Judging by its profuse 
mGluR1a‑immunoreactive dendritic arborization, the 
cells with increased labeling in the CA1 oriens/alveus of 
VPA‑treated animals may correspond to type I or II. Notably, 
some of the oriens/alveus interneurons I, II and IV project to 
the CA1 stratum lacunosum moleculare and are termed O‑LM 
interneurons (38,49). In functional terms, O‑LM interneurons 
type I and type II have an interesting function, collaborating 
with the septal area (50) in the hippocampal theta rhythmic 
oscillations, which are involved in several neurobiological 
processes, including locomotion, defense, affect, learning and 
memory (51). In the context of autistic signs, the function for 
O‑LM cells in the exclusion of aversive stimuli during hippo-
campal contextual representation in the fear‑learning paradigm 
is interesting (52). The increased mGluR1a immunoreactivity 
in the alveus/oriens region can represents mGluR1a‑expressing 
O‑LM interneurons innervating the last portion of pyra-
midal dendrites laying in the lacunosum moleculare region. 
Therefore, in this way, increased mGluR1a‑mediated activity 
of O‑LM interneurons can produce altered inhibition, most 
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likely increased, in the distal portion of apical dendritic tree 
of CA1 pyramidal neurons. Those distal ramifications, also 
termed tufts, lie in the stratum lacunosum moleculare and 
modulates proximal synapsis of the same neurons lying in 
stratum radiatum (53). Following this line of reasoning, and 
knowing that the stratum radiatum and lacunosum moleculare 
represents distinct CA1 input pathways, it was expected that an 
altered activity of O‑LM interneurons can exert long‑lasting 
heterosynaptic effects altering the interplay between two func-
tionally and spatially distinct pathways, affecting finally the 
network properties. This alteration can affect the role of O‑LM 
interneurons in theta oscillations affecting the functions in 
which CA1 O‑LM interneurons‑mediated feedback circuits 
are involved. Therefore, that simple change in the mGluR1a 
immunoreactivity may have important consequences for 
the hippocampal integration and diverse neurobiological 
functions. In this context, the role of O‑LM interneurons 
and hippocampal theta oscillations in defense, affect and, in 
particular, contextual fear learning deserves special atten-
tion. The suggested function of O‑LM interneurons in the 
exclusion of aversive stimuli of hippocampal dependent fear 
learning (52) and the probed role of mGluR1 in long term 
plasticity of the same cells (37) suggests that the increases in 
mGluR1a immunoreactivity reported in the present study may 
be relevant to explain certain specific signs of autism.

Increased immunoreactivity for mGluR1a in the hilus may 
corresponds to hilar interneurons and it may have important 
consequences for hippocampal functioning. Granular cells 
of the dentate gyrus receive the major hippocampal inputs 
coming from the entorhinal cortex and subsequently, mossy 
fibers from granular cells innervate proximal dendrites of pyra-
midal neurons in CA3. In addition, mossy fibers also innervate 
profusely interneurons in the hilus of dentate gyrus and in 
the CA3. Therefore, granular layer activation by entorhinal 
inputs produces a rather general reduction of CA3 pyramidal 
cell excitability, a phenomena that likely aids to filter memory 
information (54). The majority of hilar GABAergic neurons are 
mGluR1a‑ and substance P‑immunoreactive, and small type 
terminals of mossy fibers innervate almost all of these (55). 
In addition, a part of hilar mGluR1 immunoreactive inter-
neurons are somatostatin‑positive and form a feedback loop 
from the hilar region to the outer molecular layer of dentate 
gyrus (55,56). Thus, increased mGluR1a immunoreactivity 
in the hilus can affect forward and feedback inhibitory loops, 
modulating the hippocampal information processing.

By contrast, increased mGluR1a immunoreactivity may be 
a result of increased transcription or altered mRNA processing, 
translation or stability. In base to these results, the present 
study failed to determine the origin of increased mGluR1a 
immunoreactivity, but suggested an over‑functioning of that 
specific type of class  I mGluR, in line with the previous 
evidence for the involvement of this family of receptors in 
autism. Analysis of mRNA is required and it is interesting 
to determinate mGluR1a and mGluR1b levels since an inter-
esting cooperative function between 1a and 1b isoforms has 
been previously demonstrated (57). In addition, the present 
study cannot discard the role of mGluR5 in the VPA model 
of autism and the possible cooperative signaling between 
homodimers of metabotropic glutamate receptors 1 and 5 is 
highly interesting (58).

In conclusion, the results of the present study suggested 
that prenatal treatment with VPA produces mGluR1a over-
functioning in hippocampal interneurons of juvenile rats. This 
likely alters distinct regulatory loops affecting hippocampal 
processing that may be associated with autistic signs. The 
functional involvement of mGluR1a in autism models require 
further research as a possible novel pharmacological target in 
autism.
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