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Abstract

Autism is a neurodevelopmental disorder in kids being the cerebellum a key affected area, and cerebellar alterations
compromise the gamma-aminobutyric acid (GABA) neurotransmission which has stimulated efforts to develop treatments
targeted to the GABA system. In addition, it is known that an enriched environment (EE) favorably affects behavior and
perhaps neurotransmission. Thus, in the postnatal valproate model of autism in rats, we studied density modifications of
GABAA and GABAg receptors at the cerebellar vermis by Western Blots analysis. Pup rats of both sexes were treated
daily from postnatal days 6 to |12 with valproic acid (VPA). Control and experimental subjects of 30 and 90 days old were
studied by sex, age, EE stimulation, and receptors. Results showed that GABAa and GABAG& receptors in autistic rats were
reduced depending on sex and age. The study at two ages showed that GABAA receptors in males decreased earlier than
females with a long-lasting effect, while EE stimulation had a favorable impact showing that effectively prevents the
reduction of GABAA receptors. In males, GABAg receptors were affected only at 30 days, suggesting that VPA produced
a mild effect that was enough for these receptors to maintain by themselves in the long term, while these receptors were
not affected at all in females. It is suggested that the higher sensitivity of male GABAA receptors to the VPA could mean
that at least these receptors also play a role in the male-female tendency of autism and that EE is an appropriate preventive
therapeutic approach.
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Resumen

El autismo es un trastorno del neurodesarrollo que se presenta en niiios y tiene al cerebelo como una de las principales
areas afectadas, incluyendo alteraciones en la neurotransmision del acido gamma-aminobutirico (GABA). Esto ha
estimulado el desarrollo de tratamientos dirigidos al sistema GABAérgico, aunque también se sabe que el ambiente
enriquecido (EE) estimula favorablemente la conducta y quizas la neurotransmision. Por ello, utilizando en rata el modelo
posnatal de autismo inducido con valproato, estudiamos la densidad de los receptores GABAA y GABAg en el vermis
cerebelar por Western Blots. Crias de rata fueron tratadas diariamente del dia posnatal 6 al 12 con acido valproico (VPA),
y se estudiaron sujetos controles y experimentales de 30 y 90 dias de edad organizados por sexo, EE y receptores. Los
resultados mostraron que los receptores GABAA y GABAg decrementaron dependiendo del sexo y edad, y se observo
que con la edad los receptores GABAA de machos decrementaron antes que en las hembras y a largo plazo. La estimulacion
con el EE evit6 la reduccion de receptores GABAA. Los receptores GABAg no fueron afectados en las hembras, mientras
que en los machos se afectaron sélo a los 30 dias, sugiriendo que el VPA produjo un efecto leve que les permitio a los
receptores mantenerse por si mismos en el largo plazo. La alta sensibilidad al VPA de los receptores GABAa masculinos
significa que al menos estos receptores juegan un papel en la prevalencia nifo-nifia del autismo y que el EE es un
acercamiento terapedtico preventivo apropiado.
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I. Introduction

Autism is a neurodevelopmental disorder
appearing in early infancy due to several
anatomic and biochemical alterations in the
central nervous system. The cerebellum is one
of the crucial regions in the neurobiology of
autism. This structure covers the dorsal part of
the brain stem and contains about 50 billion
neurons, almost half the total number of
neurons in the brain.! In autism, the cerebellum
shows hypoplasia and a reduction in the
number of Purkinje neurons. This appears to
occur before the first year of life and may
persist for several years.2 Furthermore, autism
correlates with alterations of different circuits
and neurotransmitters. In particular, animal
models have shown that disruption of the
gamma-aminobutyric acid (GABA) system plays
a major role3

GABA is involved in various circuits in the
cerebellum. For example, Purkinje, Stellate,
Golgi, and Basket neurons are GABAergic cells
at the cerebellar cortex, while others are
located in the deep dentate nucleus.# Thus,
GABA neurotransmission is central for the
appropriate function of the cerebellum. In
autism, the expression of the glutamic acid
decarboxylase, a key enzyme in the anabolism
of GABA from glutamate, is reduced in the
cerebellum,> a reduction that is also observed
for GABA receptors.tZ Accordingly, the
disruption of cerebellar GABA
neurotransmission may cause some behavioral
alterations observed in autistic subjects,
although it is unclear how deficient the
neurotransmission should be to account for
such impairments. However, this assumption
has stimulated efforts to develop GABAergic
pharmacological  approaches to  revert
behaviors affected in autism.&10 Interestingly,
we have observed that non-pharmacological
procedures, like those provided by an enriched
environment (EE), could also help to revert
autistic behaviors, perhaps by modulating
different neurotransmission processes.

Several reports indicate that children with
autism respond positively following stimulation
by an EE. For instance, they show gains in 1Q
scores and improved language skills,' enhance
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their role in home tasks,'2 improved tactile
sensations,!3 and reduce the otherwise elevated
heart rate and systolic pressure.!4 Furthermore,
in animal models of autism, evidence indicates
that exposure to EE may revert behavioral
alterations,!2 enhance dendritic spine function,!é
and increase cannabinoid receptors at the
cerebellar cortex.!Z Therefore, EE seems to be
an appropriate approach to induce brain
plasticity and enhance the function of neural
circuits that may help modify aspects from
molecules to behavior in autism. In addition, we
have previously shown that EE has effects
depending on sex, suggesting that from now on,
research should involve a separate analysis of
females and males.'8 Thus, in the present study,
we sought to explore the effects of sex, age, and
EE on the expression of both ionotropic
(GABA,) and metabotropic (GABAGg) receptors
at the cerebellar vermis in a rat model of
autism.

2. Materials and Methods

Subjects
Pregnant Wistar female rats were obtained
from the animal colony of our institute. They
were maintained in a reversed light-dark cycle
(12-12 hrs, light off at 0800 hrs), and each
female was kept alone in a single cage with a
continuous supply of food (rodent chow) and
water. At birth, litters were always in their
mother's cage. Four to six pups per litter,
females and males, were randomly chosen and
assigned to the experimental or control groups.
The experimental group was the postnatal
autistic model, i.e., from postnatal days 6 to 12,
pups received a daily intraperitoneal injection of
valproic acid (VPA) diluted in physiological
saline solution at a dose of 150 mg/kg of body
weight as described elsewhere.l? Control pups
were injected just with the physiological saline
solution in the same volume. Weaning occurred
on day 21, then experimental or control animals
were housed together until the end of
experiments. All the protocols of the present
study were approved by the local animal care
committee (CICUAL, Reg. 2018-012) of the
Institute for Brain Research at Universidad
Veracruzana, Mexico, following the Official
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Mexican Norms (NOM-062-Z00-1999 and
NOM-087-ECOL-SSA1-2003) and the Society
for Neuroscience Policy on the use of Animals
in Neuroscience Research.

Groups

Control and experimental subjects were
separated by sex, then compared according to
age (30 and 90 days old subjects, in order to
compare young vs adults), type of
environmental condition (Standard or EE
stimulation), and type of receptor in the
cerebellar vermis (GABAA and GABAg). The
density of GABA receptors was analyzed by
Western Blots (n=6 per group).

Standard and EE Stimulation

Animals were housed in acrylic cages
throughout the study. However, starting ten
days before reaching the respective age of its
group, animals were placed daily for 2 hrs in a
large arena (100 cm x 100 cm) between 1200
to 1600 hrs. The standard (Std) arena contained
wood-chip exclusively as bedding. In contrast,
the EE arena included structures and items to
stimulate movement and senses with different
surfaces, fruit odors, and jingle bell sounds.

Vermis collection
At the end of experimental procedures, animals
were euthanized with an overdose of sodium
pentobarbital (i.p. 120 mg/kg), according to the
procedures approved by the local animal care
committee. Then, the cerebellum was carefully
extracted, and the vermis was isolated and
stored in liquid nitrogen (-1960C) until assayed.

Western Blots
Protein concentration in the vermis tissue was
determined using the Bradford method and
expressed as arbitrary units. Protein samples
(100 1 g) were subjected to 7.5% SDS-PAGE
under reducing conditions at 200 V (Mini-
Protean lll, Bio-Rad) and then transferred onto
a nitrocellulose membrane at 100 V for 1:30 h.
The nitrocellulose membrane 0.45 um (162-
0115, Bio-Rad) was blocked with TBS
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containing Tween-20 (0.1%) and milk (5%) for
one hour. Next, the membrane was washed
three times with a TBS-Tween-20 (0.1%)
solution for 5 min each. The membrane was
then incubated overnight at 4°C with the first
antibodies [GABAa: Ral-6 (E-8) sc-376282,
[:100; and GABAg: R| (D-2) sc-166408, 1:50]
from Santa Cruz Biotechnology. The following
day, the membrane was washed three times and
incubated with a secondary antibody (Goat
anti-mouse IgG-AP, sc-2008, 1/1000, Santa
Cruz Biotechnology) for one hour at room
temperature. Bands were revealed using the AP
Conjugate Substrate kit (170-6465, Bio-Rad),
and densitometric analysis of the bands was
performed using the Kodak image station 440-
CF with the Kodak ID 3.6 software.

Statistics

Data are summarized in graphs presented as
bars showing means + SEM. Control data were
merged into a single bar because they did not
show any difference. Statistics and graphs were
performed using the Prism 9.3 software
(GraphPad Software, USA). Data were analyzed
by a one-way ANOVA followed by the Dunnett
test to look for significant differences between
control and VPA or EE stimulated groups.
Significant differences were considered when
p<0.05.

3. Results

30 days old groups

In the postnatal autistic VPA model, the density
of GABAA and GABAg receptors was reduced
only in males [GABAA: F(2,21) = 49.59, p<0.01;
GABAGg: F(2,21) = 24.53, p<0.01], while females
showed no significant changes. Post hoc
analyses showed that only VPA-treated males in
Std conditions had an extreme decline in the
density of receptors; such decline was
prevented by EE stimulation, although the effect
was not enough for the receptors to stay at the
level of Ctrl values. In females, EE stimulation
had no effect (Figs. | and 2).
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GABA, Receptors - 30 days old
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Fig. 1. Western blots arbitrary units of the density of GABAA receptors at the cerebellar vermis of 30 days old
male (upper graph) and female (lower graph) rats. Bars represent the control group (Ctrl), the VPA autistic group
living in standard conditions (VPA Std), and the VPA autistic group stimulated with an enriched environment (VPA
EE). Significant differences represent the comparison versus the Ctrl group. *p<0.05, **p<0.01.
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Fig. 2. Western blots arbitrary units of the density of GABAB receptors at the cerebellar vermis of 30 days old
male (upper graph) and female (lower graph) rats. Bars represent the control group (Ctrl), the VPA autistic group
living in standard conditions (VPA Std), and the VPA autistic group stimulated with an enriched environment (VPA
EE). Significant differences represent the comparison versus the Ctrl group. *p<0.05, **p<0.01.
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GABA, Receptors - 90 days old
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Fig. 3. Western blots arbitrary units of the density of GABAA receptors at the cerebellar vermis of 90 days old
male (upper graph) and female (lower graph) rats. Bars represent the control group (Ctrl), the VPA autistic group
living in standard conditions (VPA Std), and the VPA autistic group stimulated with an enriched environment (VPA
EE). Significant differences represent the comparison versus the Ctrl group. *p<0.05, **p<0.01.
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Fig. 4. Western blots arbitrary units of the density of GABAB receptors at the cerebellar vermis of 90 days old
male (upper graph) and female (lower graph) rats. Bars represent the control group (Ctrl), the VPA autistic group
living in standard conditions (VPA Std), and the VPA autistic group stimulated with an enriched environment (VPA
EE). These data showed no significant differences.
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90 days old groups

The density of GABAa receptors was
significantly reduced in both males [F(2,21) =
15.31, p<0.01] and females [F(2,21) = 5.01,
p<0.05]. Post hoc analyses showed that EE
stimulation had no effect in males but in females
successfully prevented the reduction in the
density of receptors (Fig. 3). The density of
GABAGg receptors was not modified at this age
in any sex, and EE stimulation had no effect (Fig.
4).

Longitudinal analysis

Data from both age groups show that GABAAa
receptors were affected in both sexes of the
autistic model, but males were affected earlier
than females and with higher intensity.
Furthermore, data showed that males were
responsive to EE stimulation at 30 days old but
not at 90 days old, while females were
responsive at 90 days old. GABAg receptors of
the autistic model were affected in males at 30
days old and were partially responsive to EE
stimulation. However, it was noteworthy that
males showed no significant changes at 90 days
old. These receptors were not affected at all in
females.

4. Discussion

GABA is a crucial neurotransmitter underlying
the function of the cerebellum. Thus, the
present study was designed to assess the
expression of GABA receptors at the
cerebellar vermis of rats in a valproate-induced
model of autism. In addition, the present study
analyzed the effects of sex, age, and enriched
environment. GABAA and GABAg receptors
showed different responses in our model of
autistic rats, which depended on sex and age.
The observed reduction of both types of
receptors in 30-days old males agrees with the
decrease of GABA receptors reported for
several other brain areas in autistic humans,
including  the  cerebelluméZ As  the
neurotransmitter itself and its GAD enzyme are
also altered in autism,? the whole GABA system
is at the core of molecular changes of the
disorder, suggesting that treatments that aim to
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target this system could become an appropriate
pharmacological approach.2

It is noteworthy that reduction of GABA
receptors in 30 days old subjects was observed
only in males, a finding equivalent to that
observed in humans;2l thus, it could underlie
the higher masculine prevalence of autism. It is
known that GABAA receptors are expressed in
low density in the rat cerebellum at birth but
show a linear increase each week until
adulthood. In contrast, GABAg receptors
already show a peak density at birth that
remains steady until adulthood.22 Hence, it
seems that both kinds of receptors were
already active when VPA was administered in
our postnatal model of autism. Thus, instead of
a direct effect of VPA on receptor density, the
outcome we obtained seems to be a sex-related
mechanism in the molecular cascade that
triggers autistic features. It is known that the
density of at least GABAA receptors is
modulated by its ligand occupancy,2 that VPA
decreases the expression of androgen
receptors in the cerebellum,2  that
testosterone could account for the male
prevalence of autism,25 that many neurosteroids
account for the modulation of GABAA
receptors,2 and that testosterone action affects
protein synthesis.2Z All this information suggests
that some still unknown molecular interactions
of VPA with male neurosteroids could be
involved in the observed reduction of GABA
receptors, resulting in autistic behaviors.

Stimulation of 30 day old rats with an EE
prevented a decline in the density of both kinds
of GABA receptors in the male cerebellum,
although values did not stay at control levels.
Notwithstanding, the finding is meaningful since
it suggests that EE is appropriate for protecting
molecular alterations triggered in autism.
However, further research is needed to
determine the precise paradigm for EE
stimulation to keep receptors levels up to
control values. Furthermore, it is essential to
notice that the lack of effect in females indicates
that EE stimulation will not modify receptors
density above typical values. Our findings link to
the literature showing different kinds of
improvements following EE in the behavior of
rats,'s dendritic spines in the hippocampus of
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mice,'¢ or behavior and cognitive abilities in
children.l!=1418 Thus, it is suggested that an EE,
in addition to the impact on GABA receptors,
stimulates different neurobiological levels that
could prevent behavioral alterations in autism.
Some studies have found that acupuncture
sensory stimulation in specific areas modulates
the expression of GABA receptors,2822 a topic
that deserves further research to understand
what EE does in the sensory system to impact
GABA receptors in the cerebellum of autistic
rats.

Data from 90 days old autistic rats add
further significant information. Females and
males showed decreased GABAAa receptors at
this age but no effect at all for GABAg
receptors. EE stimulation was unable to
produce any effect for GABAa receptors in
males, while in females, it helped keep receptor
levels up to control values; moreover, EE
stimulation had no effect on GABAg receptors.
Thus, again for this age, EE is a good approach
according to female data, but the exact
stimulation procedure for males deserves
further studies. The differences observed
between 30 and 90 days old rats could depend
on the maturation of the subunits that organize
GABA receptors. It is known that different
subunits organize GABA receptors; GABAa
receptors are formed by |9 subunits,3 and
GABAg receptors by 2 subunits.2! Furthermore,
for GABAA receptors, the subunits are different
in the neonatal and adult brain,32 while the role
of GABAg receptors on development is in the
first weeks of life.33 Thus, as autism is a
neurodevelopmental disorder, it is suggested
that the different timeline of maturation of
GABA receptors subunits, mainly those of
GABA,, is underlying the results in our
postnatal VPA model of autism and EE
effectiveness.

The study at two ages gave a particular view
of how both GABA receptors responded in a
period by using the VPA postnatal autistic
model. GABAx receptors decreased in 30 days
old males and maintained this reduction for up
to 90 days. Thus, GABAA receptors were
affected early for males with a long-lasting
effect. However, females showed a different
picture; at the age of 30 days, GABAA receptors
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did not show any change, but they decreased at
the age of 90 days. This result indicates that
GABAA receptors in females are also sensitive
to the VPA treatment, but they were affected
late in time. On the other hand, the fact that EE
had a positive effect on male GABAa receptors
at 30 days but not at 90 days may suggest that
a different stimulation paradigm is needed to
produce a better outcome. Such inference
came from female data where EE had a positive
effect at the age of 90 days, suggesting that EE
effectively maintains these receptors at this age
and that the VPA effect on female receptors
was not as severe as that observed in males. In
correspondence, females showed no effect on
GABAGg receptors, while males were affected
only at the age of 30 days, an effect not
observed at the age of 90 days even without EE
stimulation. Thus, it seems that VPA produced
a mild impact on GABAg receptors that was
enough for the receptors to maintain by
themselves, perhaps by a neuronal plasticity
mechanism.

What else does this information mean?
Autism has a marked sex difference in humans,
3 out of 4 subjects with autism are males.
Although the reason for this imbalance is widely
unknown, it is theorized that it depends
partially on male neurosteroids,2 together with
the disruption of GABA circuits that accounts
for autism appearance.3* Thus, our data also
suggest that the high sensitivity of male GABAA
receptors to the VPA postnatal model means
that these receptors also play a role in the male-
female tendency of autism.

5. Conclusions

GABA is a central neurotransmitter at the core
of molecular changes occurring in autism. Here
we observed that VPA, in the postnatal model
of autism in rats, seems to affect some sex-
related mechanisms in the molecular cascade
that triggers autistic features, one of them
producing a reduction of GABA receptors at
the cerebellar vermis. Notwithstanding, EE
helped in keeping up the levels of GABAA and
GABAg receptors depending on sex and age. It
is inferred that this approach is appropriate to
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prevent molecular changes from appearing in
the autistic cerebellum.
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