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Background: This study aimed to investigate the possible therapeutic benefits of Huperzine A on autistic behaviours and histo-
logical alterations in the cerebellum of a rat model of autism.

Methods: This study utilized 30 male neonatal rat pups (10 per group) to investigate the effects of valproic acid on the rat cerebel-
lum. Pregnant Wistar female rats received valproic acid (VPA) on the 12.5th gestation day, and their pups were administered VPA
on postnatal day 14, while the control group received saline on the corresponding days. It was determined that the experimental
group received Huperzine A (0.80 pmol/kg) administered via intraperitoneal injection from postnatal day 14 to postnatal day 40.
The elevated plus-maze, rotarod, and Morris water maze assessments were employed to investigate autism-like behaviours. Fur-
thermore, on postnatal day 41, the brains of all puppies were excised and prepared for histological examination, and hippocampus
homogenates were obtained for the quantification of acetylcholinesterase (AChE) in cerebellar tissue homogenates.

Results: Huperzine A (HupA) treatment reduced anxiety in VPA-induced autism spectrum disorder (ASD) rats. The elevated
plus-maze revealed that, at postnatal day (PND) 40, significant decreases in open-arm entries and time were observed (p <
0.0001). Non-significant effects at PND 21 (p = 0.99, p = 0.98). Moreover, HupA improved memory in ASD rats. Morris water
maze test revealed that escape latency significantly decreased (p < 0.0001) at PND 39. Memory retrieval improved with HupA
(p < 0.0001). Non-significant escape delay increased at PND 38 (p = 0.24). HupA also improved motor coordination in ASD rats.
Rotarod test showed a significant endurance time decrease in ASD rats (p < 0.0001). HupA mitigated effects at PND 25 and PND
26 (p < 0.0001) but not at PND 24 (p = 0.10). HupA increased AChE levels in ASD rats. Group II had significantly lower AChE
(p < 0.0001) than controls. Group III showed a non-significant increase versus controls (p = 0.0698). Huperzine A treatment
considerably improved the cerebellar histological and immunohistochemical structural alterations.

Conclusions: These findings stress the critical impact of Huperzine A on neurobehavioral alterations, acetylcholinesterase, and
cerebellar histological alterations in ASDs.
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Introduction tion, and cognitive function are all correlated with Purkinje
neurons in the cerebellum [10]. The consistent presence of
changes in the cerebellum revealed by neuropathologic in-
vestigations in ASD [11,12]. Reduction in the Purkinje cell
population and mean size, which is the cerebellum’s output
neuron. Numerous studies have demonstrated that individ-
uals with autism exhibit a reduction in the number of Purk-
inje cells in the cerebellum [13,14]. These changes to the

cerebellum pose a risk to the pathophysiology of autism.

Deficits in social communication and engagement are
hallmarks of the neurological disease known as autism [1].
It belongs to a diverse collection of conditions known as
autism spectrum disorders (ASDs), which share many char-
acteristics but vary in severity, age of onset, and presen-
tation [2—4]. Although difficulties in social communica-
tion and interaction, restricted interests, and repetitive be-

haviours are characteristic of ASD, the disorder manifests The short-chain fatty acid 2-propylpentanoic acid,

in diverse forms [5].

The abnormal physiology and histology of the cere-
bral cortex have been the focus of the great bulk of investi-
gations on autism spectrum disorder [6,7]. There is strong
evidence now that one of the primary afflicted organs in
ASD may be the cerebellum [8,9]. Movement, coordina-

also known as valproic acid (VPA), is a common antiepilep-
tic medication and mood stabilizer. By inhibiting histone
deacetylase (HDAC) activity, VPA affects neurotransmis-
sion and gene expression via epigenetic chromatin remodel-
ing [15]. Clinical research has connected VPA consumption
during pregnancy to many problems, including a height-
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ened incidence of neural tube defects such as spina bifida,
developmental delays, and cognitive impairments [1,16—
18]. Children exposed to antiepileptic medicines, such as
VPA, during pregnancy have an 8—18 times higher chance
of developing ASD than children who were not exposed to
these drugs during pregnancy, according to recent studies
on the role of environmental variables in the etiology of
ASD [19-21].

Many investigations have found that the cholinergic
system in the brains of people with ASD is dysregulated
[22-24]. The post-mortem brains of people with autism
spectrum disorder showed down-regulation of the M1 mus-
carinic receptor and many nicotinic receptor subunits (a3,
a4, a2), but up-regulation of the a7 subunit [25,26]. All
this research suggests that the cholinergic system in the
brains of people with ASD may be dysregulated. Con-
versely, marked-available acetylcholinesterase (AChE) in-
hibitors, whether derived from botanical sources or chem-
ical manufacture, exhibit numerous drawbacks, including
limited bioavailability and other gastrointestinal adverse ef-
fects [27]. Consequently, it is imperative to investigate al-
ternate AChE inhibitors sourced.

Huperzia serrata, a traditional Chinese medicinal
plant, naturally yields Huperzine A (HupA), a Lycopodium
alkaloid. Since HupA’s activity as an efficient AChE in-
hibitor was discovered, it has garnered a lot of interest
[28,29]. HupA could also successfully pass through the
blood-brain barrier (BBB). A growing amount of preclin-
ical research has shown that HupA exerts a substantial neu-
roprotective effect on central nervous system diseases, es-
pecially neurodegenerative disorders [30,31]. HupA addi-
tionally reduces traumatic brain injury-related brain dam-
age and neuronal death [32]. However, HupA’s potential
as a pharmacological therapeutic target for ASD arises from
its ability to modulate the cholinergic system.

The objective of this study was to investigate the pos-
sible therapeutic benefits of Huperzine A on autistic be-
haviours and histological alterations in the cerebellum of
a rat model of autism.

Materials and Methods

Animals

We acquired twenty pregnant Wistar rats, aged 12
to 15 weeks and weighing between 210 and 250 grams,
from the Laboratory Animal Center in Jeddah, Saudi Ara-
bia, along with their littermates for the control group and
ASD model. The animals were granted full access to stan-
dard feed and potable water. Consistent efforts were made
to maintain the animals’ living conditions in a clean and
standard state. This research was approved by the institu-
tion’s Bioethics and Research Committee (Number: 442-
36-7263).

Prenatal and Postnatal VPA Administration ASD Rat
Model
In this study, we generated an ASD rat model via pre-

natal and postnatal injection of VPA (Valproic acid (100
mg/mL), sodium salt, Abcam, cat# 120745) in 0.9% saline
(pH 7.3) [33]. On the 12.5th day of embryonic develop-
ment (E 12.5), pregnant rats were given an intraperitoneal
(ip) injection of VPA 500 mg/kg dissolved in 0.9% saline
[33]. On E 12.5, female controls were given saline. Ev-
ery pregnant rat was allowed unlimited access to water and
chow pellets in a delivery chamber that followed a regu-
lar 12-hour light-dark cycle, was kept at room temperature
(22.2 degrees Celsius), and had a humidity level of 55.5%.
When calculating postnatal days, the day of birth was
considered (postnatal day (PND)) 0. The mothers remained
with their pups, both male and female. To control for po-
tential effects of hormone shifts, subsequent research will
only include males. Thirty male progenies were randomly
housed in five-cage sets, with each set undergoing a 12-hour
light-dark cycle. The newborn rats weighed 20—40 grams
on the first day of the trial. On postnatal day 14, rats in
group II (autism spectrum disorder) were injected subcuta-
neously with 400 mg/kg of freshly made VPA [34].

Experimental Design

Group I (Control group): 10 male offspring of con-
trol pregnant females were subdivided into:

* Subgroup Ia (Naive group): Two offspring of rats were
allowed to reach PND 40 untreated.

* Subgroup Ib (Saline treated groups): three offspring
rats received a single subcutaneous dose of saline (NaCl
0.9%) at PND 14, then an ip injection from PND 14 to
40, once daily.

* Subgroup Ic (HupA group): From PND 14 to PND
40, five offspring rats were given an ip injection of 0.5
mg/kg of body weight HupA (98% pure; Huperzine A
was purchased from Sigma-Aldrich, St. Louis, MO,
USA) once daily. To make each dose, the medicine was
first dissolved in 10 mg/mL of normal saline to create
a stock solution, and then the solution was diluted with
more normal saline until it reached the correct concentra-
tion. As mentioned earlier, the dosage of HupA was de-
termined by aiming for concentrations that would have
a clinically meaningful impact [32].

Group II (ASD rat model): Ten male offspring born
to pregnant females who were given a single dosage of VPA
during pregnancy were randomly split into:

* Subgroup I1a (VPA group): At PND 14, five offspring
rats were injected subcutaneously with VPA and then
left untreated until PND 40, the end of the experiment
at PND 40.

* Subgroup IIb (VPA + saline group): At PND 14, five
offspring rats received an i.p. injection of saline (NaCl
0.9 percent) and a subcutaneous injection of VPA till the
end of the experiment at PND 40.
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Group IIT (VPA + HupA treated group): 10 male
offspring rats of ASD pregnant females, which received a
prenatal dose of VPA and received post-natal subcutaneous
injection of VPA at PND 14 and HupA via i.p. injection
from PND 14 to 40, once daily.

Behavioural Analysis
Effect on Anxiety (Elevated Plus-Maze Test)

Rats have a predisposition to eagerly explore new en-
vironments, therefore, this conflict test uses that tendency
against the unpleasant features of an elevated open runway
[35]. Tests for anxiety-related behaviour were conducted
using the elevated plus maze, which is normally set 50 cm
above the floor. There were two open arms and two closed
arms of the elevated plus maze, each measuring 50 cm in
length, 12 cm in width, and 30 cm in height. The rats were
positioned in the maze’s hub, facing the open arm. After
each round of animal testing, the equipment was disinfected
with 70% ethanol. The test was monitored for 5 minutes,
and data were collected on how often participants used the
open arm and how long they stayed there. It was recorded
how many times the open arm was entered and how many
times it was left open. To get the percentage, we took the
total amount of time the arms were open and divided it by
100. Then, we divided that number by the total number of
times the arms were closed. Using the same procedure, but
this time using the measure for entries, we were able to get
the percentage of open-armed entries [33,35]. This test was
performed on PND 21 and PND 40.

Effect on Memory (Morris Water Maze (MWM) Test)

The MWM test is commonly used to evaluate memory
impairment in laboratory rodents. The MWM (TSE Sys-
tems, Chesterfield, MO, USA) is an open, circular pool that
is half filled with water and has a smooth, flat inside sur-
face. The MWM is divided into four sections: the “target”
section, the “left” section, the “right” section, and the “op-
posing” section. The water in the target quadrant is 30 cen-
timetres in depth and 26.1 degrees Celsius in temperature.
The submerged hiding platform served as the objective, and
the rats were free to swim around it in their search. The rats
were first habituated to the training setting before the ex-
periment began so that they could learn to navigate to the
location of the platform using only distant signals. Each
rat was given two minutes to swim around the pool without
the aid of the platform. Each rat attempted 20 attempts over
the course of the next four days (days 1-4 of the MWM test-
ing), with four tries per day. The platform was hidden from
the animal’s underwater eyes by disguising it with a pool of
non-toxic dye [36]. The rats in each experiment were given
up to 60 seconds to swim to the underwater platform [37].
The water maze’s placement in the lab was kept constant
with respect to other items, and the blind observer main-
tained a fixed position. The escape latency was determined
by timing how long it took the rat to make it to the plat-
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form. On day 5, we conducted the probe trial to evaluate
the quality of our reference memory [38].

Effect on Motor Coordination (Rotarod Test)

This procedure is useful for diagnosing motor coordi-
nation impairment in mice and rats by evaluating their mo-
tor coordination and motor learning [39]. The rotarod test
is commonly used to evaluate the motor function of labo-
ratory rodents by having them walk on a spinning drum.
The rotarod is used to determine how long an animal can
balance on a rotating drum at a given rotational velocity.
The rats participated in three separate 5-minute-long tests
in which they were exposed to a rotary rod spinning at 40
revolutions per second (rpm). The rats were accustomed to
spending three minutes on the fixed drum before the train-
ing sessions began. A daily one-minute habituation period
was performed right before each session. Between each an-
imal test, the instruments were cleaned. To facilitate learn-
ing in animals, the rate of rotation was slowed to 10 rev-
olutions per minute (rpm; surface speed of 2.8 meters per
minute). After each of its up to five falls, the animal was
promptly returned to the drum. When the animal stayed on
the drum for 180 seconds, nobody noticed that it had fallen
off. In order to gauge long-term retention, the exam was
administered once a day for four days in a row. Photocells
automatically recorded the latency to fall, and the total la-
tencies on the rod were examined daily. Long-term memory
was assessed by administering the exam four times in one
day, beginning on PND 24 and ending on PND 26 [40].

Brain Sample Preparation

Animals were sacrificed at PND 41. The animals
were anesthetized using an intraperitoneal injection of ure-
thane at a dose of 1.5 g/kg. Then, animals underwent tran-
scardiac perfusion with 600 mL of saline and 600 mL of
paraformaldehyde at a concentration of 4%. The brains
were cut in half as soon as they were removed. As soon as it
had been perfused, the brain was separated into two pieces,
one for biochemical assessment, which was then frozen at
—80 °C for later study. The other was to be examined for

histological purposes.

Biochemical Measurements in Tissue Homogenates

To homogenize hippocampus tissues, lysis buffer was
used, which consisted of 320 mM sucrose, 50 mM NaCl, 50
mM Tris-HCl (pH 7.5), 1% Triton X-100, 0.5 mM sodium
orthovanadate, 5 mM -glycerophosphate, and protease in-
hibitors. The samples were then incubated on ice for 30
minutes and centrifuged at 13,000 g for 10 minutes. The
protein concentration in the supernatant was determined by
utilizing the Bradford test. Acetylcholinesterase (AChE,
MBS2709297, MyBioSource, Dokki, Giza, Egypt) activity
was determined using the colorimetric assay of Ellman et al.
[41] as described in Bajgar et al. [42]. Commercially avail-
able kits from MyBioSource (Dokki, Giza, Egypt), were
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Fig. 1. Effect of Huperzine A (HupA) on (A) % time on open arm and (B) % entrance on open arm in the elevated plus maze

test in valproic acid (VPA) induced rat model of autism. After running the data through one-way analysis of variance (ANOVA), the

statistical analysis was completed with Tukey’s post hoc test. The mean 4= SD (n = 10) is used to represent the values. Not significant
(ns). Noticeable variation at * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

used for colorimetric testing of these markers in accordance
with the manufacturer’s instructions. The concentration of
AChE was reported in micromoles per milligram, while
the concentration of other oxidative stress markers was re-
ported in nanomoles per milligram of protein.

Light Microscopic Examination

Additionally, the brain was sliced coronal. Specimens
were dehydrated in alcohol solutions of increasing strength
before being fixed for 24 hours in 10% neutral buffered for-
malin. Their subsequent preparation for histological and
immunohistochemical examination included washing and
embedding in paraffin. The last step was to deparaffinize
the tissue sections, microtome them to a thickness of 5 mi-
crons, and then stain them with Haematoxylin and eosin
(H&E) [43].

Immunohistochemical Study

The astrocytes were seen using immunohistochem-
istry for glial fibrillary acidic protein (GFAP). The anti-
body used was a rat monoclonal antibody at a 1/100 dilu-
tion (cat# 665759, Sigma-Aldrich, St. Louis, MO, USA),
as described earlier. The Avidin-Biotin Peroxidase method
was used to analyze hippocampal sections. A 30-minute

pre-treatment with 0.1 percent hydrogen peroxide inhib-
ited endogenous peroxidase. Deparaffinized and paraffin-
embedded tissues were then incubated with the primary an-
tibody. After that, tissue slices that were mounted on slides
were treated for 30 minutes with a biotinylated anti-rabbit
secondary antibody (1:2000) (cat# BA-9200; Vector Lab.,
Burlingame, CA, USA). Prior to dehydrating, cleaning, and
mounting the sections, Mayer’s haematoxylin was used as a
counterstain. We followed the identical steps as before, but
this time we used phosphate-buffered saline (PBS) instead
of the primary antibody to make negative control sections
[44].

Statistical Analysis

Statistical Package for the Social Sciences (SPSS) ver-
sion 26.0 (SPSS Inc. of Chicago, IL, USA) was utilized for
all analyses. The graphs were generated using GraphPad
Prism 10 (GraphPad Inc. in San Diego, CA, USA). Data
is shown using mean + standard deviation (mean + SD)
graphs. One- and two-way analysis of variance (ANOVA)
as well as Tukey’s post hoc multiple comparisons test were
used to assess the results. To determine statistical signifi-
cance, a p-value less than 0.05 was utilized.
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Fig. 2. (A) Line graph and (B) Bar chart showing effect of HupA on the escape latency (seconds) to reach the hidden platform
in all experimental groups and (C) % time that the rats spent in target quadrant (seconds) in the Morris water maze in VPA
induced rat model of autism. After running the data through one-way ANOVA, the statistical analysis was completed with Tukey’s
post hoc test. The mean = SD (n = 10) is used to represent the values. There is a notable distinction between * p < 0.05 and **** p <
0.0001.

Results Since rats avoid the open arms, the most important vari-

ables in this test are the frequency of entry and the amount

Assessment of the Effects of HupA on Anxiety in a of time spent there (Fig. 1). At PND 21 and PND 40, the rat
Rat Model of VPA-Induced Autism model with ASD (group II) that was given VPA exhibited

increased anxious behaviour. In comparison to the control

One of the behavioural methods useful for gauging group I, the ASD group II had a considerably higher num-
anxiety-related behaviour is the elevated plus maze test.
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ber of entrances into the open arms at PND 21 and PND
40 (p < 0.0001 and p < 0.0001, respectively). In addition,
compared to the control group I at PND 21 and PND 40,
group II spent considerably more time in open arms (p <
0.0001 and p < 0.0001, respectively).

Interestingly, compared to the ASD rat model group
II, the VPA + HupA treatment group exhibited a non-
significant decrease (p = 0.99, p = 0.98) for the number of
admissions into the open arms and the amount of time spent
in the open arms at PND 21. When comparing the VPA +
HupA-treated group III to the ASD rat model group II at
PND 40, there was a substantial decrease (p < 0.0001, p <
0.0001) in both the amount of time spent in open arms and
the percentage of entrances into the open arms. At PND 40,
ASD group II showed a statistically significant increase (p
=0.0001 for number of entries and p = 0.025 for amount of
time spent in open arms) compared to PND 21, when group
IT was first evaluated. It is worth noting that there were
notable declines in HupA therapy at PND 40 compared to
PND 21 (p =0.005, p = 0.009, respectively).
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Fig. 4. Effect of HupA on the biochemical markers in hip-
pocampus tissue homogenate of the VPA-induced rat model
of autism. Acetylcholinesterase (AChE) pmol/mg. After run-
ning the data through one-way ANOVA, the statistical analysis
was completed with Tukey’s post hoc test. The mean £ SD (n =
10) is used to represent the values. Not significant (ns). ****p <

0.0001 indicates a significant difference.

Assessment of the Effects of HupA on Memory in a
Rat Model of VPA-Induced Autism

We used MWM testing on rats to examine the impact
of prenatal and postnatal VPA exposure on learning and
memory, as well as to confirm any potential amelioration of
HupA, as shown in (Table | and Fig. 2). The present study’s
findings showed that, except for the ASD rat model group
I1, the escape latency decreased as the days progressed in
all groups (Fig. 2A).

There was a statistical difference in the mean on es-
cape latency on the MWM test between all control rats
(group 1), rats given VPA (group II), and rats given VPA
+ HupA (group III) from PND 36 to PND 39, as shown in
Fig. 2B.

In group II (ASD rat model), the latency to reach the
hidden platform increased significantly (p < 0.0001) in the
PND 39 versus PND 36 and PND 37. In contrast to PND
38, PND 39 showed a non-significant increase (p = 0.24)
in escape delay. Fascinatingly, as compared to the ASD rat
model (group II), the control rats (group I) showed a sig-
nificantly shorter escape latency (p < 0.0001) on all days
starting from the first (PDN 36, 37, and 38) to the fourth
(PDN 39). Furthermore, on the 4th day (PND 39), ASD
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Table 1. Assessment of the effects of huperzine A on behavioral changes in a rat model of valproic acid (VPA)-induced autism.

Groups (n = 10) Control rats group I ~ ASD rat model group II  VPA + HupA group III
Elevated plus-maze test
% Entries into open arms (PND 21) 13.70 £+ 0.67 28.7 +3.19 28.00 + 3.49
% Entries into open arms (PND 40) 9.20 + 0.78 34.20 £ 2.30 23.80 £2.97
% Time on open arm (PND 21) 8.60 £ 1.26 17.10 £2.33 17.40 4+ 0.51
% Time on open arm (PND 40) 5.50 £0.70 19.00 £+ 1.05 15.30 £ 1.25
Morris water maze test
Escape latency (seconds) at PND 36 44.40 £+ 0.84 54.00 + 1.33 46.20 + 1.22
Escape latency (seconds) at PND 37 34.40 £ 0.84 5740 £ 1.71 42.80 +0.78
Escape latency (seconds) at PND 38 26.00 + 0.94 60.20 £+ 1.03 3220+ 1.22
Escape latency (seconds) at PND 39 17.80 £ 2.04 61.80 £ 1.81 23.40 £ 1.42
% time in target quadrant (seconds) 3740 £ 1.64 16.10 £+ 1.101 33.70 + 1.82
Rotarod test (endurance time (min))
PND 24 3.50 £ 0.52 2.50 £+ 0.52 3.20 £0.42
PND 25 3.60 £ 0.51 1.80 £ 0.42 3.10£0.73
PND 26 4.00 £+ 0.47 1.50 £ 0.52 3.80 £ 0.63

With n = number of rats/groups, the data are shown as Mean =+ standard deviation (SD). PND, postnatal day; ASD,

autism spectrum disorder.

treated rats with HupA showed significant (p < 0.0001) at-
tenuations in the escape latency versus the ASD rat model
among all days from Ist (PND 36, 37, and 38). Interest-
ingly, there was still a non-significantly (p =0.11, p = 0.24)
difference at the 1st day (PND 36) between control rats as
compared to group III at PND 37 and 38. At the 4th day
(PND 39), the ASD rat model treated with HupA (group
IIT) showed a significant decrease (p < 0.0001) in the es-
cape latency to locate a hidden platform compared to the
control rats at PND 36, 37, and 38.

Memory retrieval was monitored by counting how
long rats spent in the probe trial’s quadrant containing the
fixed platform (Fig. 2C). Less time was spent in this quad-
rant by the ASD rat model compared to control rats (p <
0.0001). In contrast, the percentage of time given in the tar-
get quadrant was significantly increased by the HupA treat-
ment (p < 0.0001) when contrasted with the ASD rat model.

Evaluation of HupA's Impact on Motor Coordination
in a Rat Model of Autism Induced by VPA

Fig. 3 displays the results of a rotarod test conducted
between PNDs 24 and 26 to evaluate the impact of HupA
on motor coordination. In comparison to the control rats in
group I, the ASD-rat model (group II) exhibited a signifi-
cant (p < 0.01) decrease in endurance time at PNDs 24 and
26. However, HupA treatment in group III didn’t mitigate
significant (p = 0.10) changes induced by VPA at PND 24,
in contrast with the ASD-rat model. Interestingly, both at
the PND 25 and PND 26, HupA treatment in group III did
mitigate significant (p < 0.0001) changes induced by VPA
in contrast with the ASD-rat model. There was no statisti-
cally significant difference between the control group and
the HupA-treated ASD animals at PND 24 (p = 0.94), PND
25 (p=0.49), or PND 26 (p = 0.99), despite the fact that the
ASD animals spent less time on the rotarod test overall.

Assessment of the Effects of HupA on Acetylcholine
Esterase Enzymes in a Rat Model of VPA-Induced
Autism

The AChE levels in the ASD rat model group II were
significantly lower (1.79 % 0.12 nmol/mg) compared to the
control group (5.40 £ 1.54 nmol/mg) and the VPA + HupA
treated group (4.28 4+ 0.92 nmol/mg), as shown in Fig. 4 (p
< 0.0001). There was a small but statistically insignificant
difference in AChE levels between the control group and
group III (which received VPA and HupA), with a p-value
of only 0.0698.

Assessment of the Effects of HupA on Histological
and Immunohistochemical Changes of Cerebellar
Tissue in a Rat Model of VPA-Induced Autism

Haematoxylin and Eosin-Stained Sections

Fig. 5A,B shows the three layers of the cerebellum of a
control rat, which consists of molecular, Purkinje cell, and
granular cells. You can see the Purkinje cells lined up in
a single row between the two other layers. Large, pale-
stained nuclei with prominent nucleoli were visible in the
Purkinje cells. Cerebellar islands formed the granular layer
in-between numerous clusters of granular cells. The molec-
ular layer was stuffed with glial cells and lightly acidophilic
neuropil.

In the ASD rat model, there was a disruption in the
linear structure, as seen in Fig. 5C,D, with pronounced
spongiosis and several vacuolated patches in the Purkinje
cell layer. Additionally, there was interposition of nu-
merous glial cells between and surrounding the Purkinje
cells. The nuclei and cytoplasm of several Purkinje cells
seemed shrunken and heavily stained. Nuclei were diffi-
cult to make out in some of the Purkinje cells, and their
cytoplasm seemed to be rather acidophilic. The Purkinje
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Fig. 5. Haematoxylin and eosin (H&E) staining of a parasagittal section of rat cerebellar cortex. The molecular (M), Purkinje (P),
and granular (G) layers make it up. Control rat (GI; A,B): The nuclei of the Purkinje cells are big and pale-stained, and their nucleoli
are conspicuous and deeply stained. Take note of how the Purkinje cells (black arrows) are arranged in a single row across the three
layers. Granule cells (double stroke arrows) are arranged in distinct clusters of round cells. These cells are divided by cerebellar islands
(dot arrow). Glial cells (bifid arrow) and somewhat acidophilic neuropil (*) are seen. ASD rat model (G II; C,D) disrupts the regular
arrangement with noticeable spongiosis as several regions with vacuoles (yellow arrow) and glial cells interposed (zigzag arrow) between
and surrounding the Purkinje cells are observed. Hardly identified nuclei and deeply acidophilic cytoplasm of many Purkinje cells (red
arrows) are noticed. Take note of the fact that Purkinje cells disappeared from focal areas (thick arrow). The molecular layer (M) shows
some cells with pericellular halos (bifid arrow) and wide neuropil (¥). The granular cells (double stroke arrows) have a tiny size, an
unclear shape, and unidentified nuclei with large gaps (dot arrow) between them. VPA + HupA-treated rat (G III; E,F) nearly appears
as a control. The Purkinje cell (black arrows) retains normal linear organization. It appears that certain Purkinje cells have extremely
acidophilic cytoplasm and barely discernible nuclei (red arrows). The Purkinje cell (P) layer shows very few vacuolated regions (yellow
arrows). Distinct cerebellar islands (dot arrow) divide the granule cells (double stroke arrows), which look very much like the control.
When compared to the control group, the molecular (M) layers show no discernible difference. Neuropil, which is slightly acidophilic,
and glial cells (bifid arrow) fill it up. (H&E. A,C,E x20 and B,D,F x40).

cells in focal areas have noticeably disappeared. Cells with To all appearances, the rat treated with VPA and HupA

vacuolated neuropil and pericellular halos were observedin (G III; Fig. 5E,F) was used as a control. The granule

the molecular layer. There were large gaps in the granule  cells were situated between cerebellar islands and seemed

layer. Granular cells were often tiny, had an unclear shape, very much like the control group. In the molecular layers,

and had nuclei that were difficult to make out. there was no discernible difference compared to the control
group. Glial cells and acidophilic neuropil were packed in-
side.
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Fig. 6. The photomicrograph clearly shows the granular (G), Purkinje (P), and molecular (M) layers of the rat cerebellar cortex.

(A) (control group I): normal distribution as weak positive reaction of glial fibrillary acidic protein (GFAP) positive brownish immunore-

active astrocytes (arrows). (B) (ASD rat model group II): strong positive reaction of GFAP-positive brownish immunoreactive astrocytes

(arrows). Notice the long interdigitating processes of astrocytes. (C) (VPA + HupA treated group III): moderate positive reaction of
GFAP-positive brownish immunoreactive astrocytes (arrows). (GFAP IHC stain, A—C x20).

Immunohistochemically Stained Sections for Glial
Fibrillary Acidic Protein (GFAP)

Immunohistochemical staining for GFAP revealed a
mild positive reaction in the processes and cytoplasm of
astrocytes in control rats, whereas this positive reaction
was intense in ASD rat model animals in the three cere-
bellar layers. Rats concomitantly treated with HupA dis-
played a moderate reaction compared to VPA-treated ani-
mals (Fig. 6A-C).

Discussion

The cerebellum is the brain structure most consistently
found abnormal in ASD. The potential role of the cerebel-
lum in the pathophysiology of ASD has been demonstrated
by a number of animal and clinical investigations [8,9,45—
47]. Significant cerebellar pathology, including a decrease
in Purkinje cells, was observed in individuals with ASD
[47—49]. Our findings add to the growing body of evi-
dence suggesting that prenatal VPA exposure has a neuro-
toxic effect on the cerebellar cortex, particularly on Purk-
inje cells. This agrees with previous research by Cho ef al.
[49], Shona et al. [50], and Wang et al. [8]. Furthermore,

we sought to determine if the effects of prenatal and postna-
tal VPA on neural behavior, AChE activity, and histological
cerebellar alterations might be mitigated by administering
HupA (AChE inhibitors) to an animal model of autism.

The current study’s findings supported the hypothesis
that valproic acid exposure at any time during or after preg-
nancy could contribute to the onset of ASD. The behavioral
changes in VPA-exposed rats and the disturbed behavior in
autistic patients, including a marked decrease in social in-
teraction and repetitive stereotyped behavior, were shown
to be similar, according to several experimental studies,
biochemical studies, and histopathological analyses, con-
firming the negative effects of the VPA animal model of
autism [51-54]. Research has shown that prenatal and post-
natal VPA exposures in mice might cause impairments in
neurobehavioral development that are similar to those seen
in people with autism [55-57]. An AChEI called HupA
has a long history of use in the treatment of a wide range
of symptoms, including edema, strain, muscle cramps, and
bruising. So far, the effects of HupA on cognition and mem-
ory have been the focus of a number of clinical trials [58—
60]. Furthermore, valuable studies on the pharmacological
characteristics and structure of HupA revealed that HupA
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may have a role in neuroprotection and anti-inflammation
[61]. Following this, we decided to use HupA as the study’s
key medication.

In the current study, the ASD rat model was induced
by a combined prenatal and postnatal exposure to VPA. The
prenatal VPA exposure (500 mg/kg) was on gestational day
12.5. After the neural tube has closed, this time frame corre-
sponds to the first trimester in humans [56]. Adverse behav-
ioral effects, such as reduced social behavior, repetitive ac-
tions, hyperactivity, and impaired recognition, were found
in a significant number of mouse pups who were exposed
to VPA during the neural tube closure period [62,63]. Re-
garding VPA exposure after birth, it is administered to mice
at PND 14, which is approximately the same as the third
trimester of a human being’s gestation, when the brain starts
to grow, in order to induce developmental delays and be-
haviors similar to autism [55,64,65]. In addition, we only
employed male rats for this analysis. In humans, the inci-
dence of ASD is almost four times higher in males than in
females [66]. This sex difference highlights the importance
of taking into account sex variations in rodent models of
ASD, as sex-specific ASD symptoms may emerge [67].

Increased repetitive stereotyped behavior and anxi-
ety (as measured by the elevated plus-maze test), cogni-
tive impairment (as measured by the Morris water maze),
and motor coordination delay were all symptoms of autism
that were induced by VPA exposure during pregnancy or
shortly after birth (in the rotarod test). Previous experimen-
tal research corroborates VPA’s ability to cause behavioural
changes [55,64,65]. Furthermore, our findings provide fur-
ther evidence that the patterns of behavioural alterations
seen in rats are comparable to those seen in autistic humans
[68]. Alternatively, research has demonstrated that VPA
alters the neurobiology of the amygdala, cerebellum, and
hippocampus, which in turn impacts social behaviour, lo-
comotor activity, and cognitive ability [69].

Rats with ASD whose hippocampus were exposed to
VPA both during pregnancy and after birth have elevated
levels of AChE. It appears that VPA accomplishes its role
by inhibiting histone deacetylase (HDAC), a negative regu-
lator of gene expression [70]. Recent research has demon-
strated that VPA can momentarily increase acetylated hi-
stone levels in developing mouse brains. This transient
hyperacetylation has two effects: an increase in neocortex
apoptotic cell death and a decrease in ganglionic eminence
cell proliferation. Mice in this study also showed changes in
behavior that are similar to those seen in people with autism
[71]. One of the most prevalent comorbidities in those with
ASD, especially children and adolescents, is anxiety [72].
Due to the high prevalence of anxiety in ASD, rat models of
the disorder have also been subjected to rigorous evaluation
for the presence of anxiety. In order to identify any anxiety-
related behaviors in our results, the elevated plus maze test
was utilized. Compared to control rats, VPA rats exhib-
ited less anxiety by spending a longer time in the open arm.

Nevertheless, after taking HupA, the VPA group’s higher
anxiety levels returned to the control group’s levels. The
VPA rodents, on the other hand, have been demonstrated in
many experiments to exhibit anxiety as seen by their pref-
erence for the confinement of their open arms [63,71,73].
The VPA rodents were observed to spend equal amounts of
time in open and closed arms in other investigations [74].

In order to study cognitive processes related to spa-
tial learning and memory, the MWM test was employed.
Impairment in spatial learning (as reflected by poor per-
formance on the MWM spatial navigation task) is a com-
mon symptom of ASD [75]. A number of hypotheses
have been advanced to explain the autism-like effects of
VPA, including its ability to block sodium and calcium
channels, increase levels of the inhibitory neurotransmit-
ter GABA in the brain, and alter gene expression in devel-
oping embryonic brains through epigenetic chromatin re-
modelling. Synaptic plasticity, learning, and memory are
all regulated by chromatin remodelling, which, when dis-
rupted, can lead to apoptotic cell death, decreased cell pro-
liferation in various brain locations, and, ultimately, im-
paired behavior [76]. Curiously, the current study found
that the HupA group needed less time to locate the plat-
form than the vehicle group, indicating that HupA reduced
cognitive impairment in the ASD rat model. In a sim-
ilar vein, research has demonstrated that impairments in
spatial awareness and recognition memory are associated
with hippocampal injuries [77]. Further evidence suggests
that HupA therapy may mitigate brain ischemia-reperfusion
injury-induced cognitive deficits in rats [78,79]. It was not
surprising that the spatial memory of ASD rats was im-
proved by HupA therapy in this study.

We postulated that the utilization of the AChE in-
hibitor HupA might alleviate autistic symptoms in the VPA-
induced autistic animal model, since elevated AChE lev-
els could have a negative impact on brain ACh levels. In
the current study, the ASD rat model was treated daily with
HupA from PND 14 to PND 40. The results of this study
were in line with those of Ohba et al. [60], who studied how
Japanese H. serrata extract affected memory and AChE ac-
tivity inhibition in a mouse model of scopolamine-induced
cognitive impairment. By inhibiting the enzyme that hy-
drolyses acetylcholine, HupA reverses cognitive deteriora-
tion. Consequently, it increases the concentration of acetyl-
choline in the presynaptic area of the cholinergic neuron
[80].

The aberrant alterations that occur during embryolog-
ical development, such as maternal exposure to certain
chemicals, can cause abnormal changes in the cerebellum
[81]. As such, the cerebellum serves as an ideal model
for researching numerous facets of neurological develop-
ment. Our histological and immunohistochemical findings
showed that exposure to VPA during pregnancy caused
Purkinje cells in the cerebellar cortex to undergo apopto-
sis and degenerative alterations. These findings were con-
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sistent with earlier research showing that exposure to VPA
during pregnancy caused a significant deterioration of the
cerebellar Purkinje and granular cells [50,82,83]. In the
current research, the granular layer displayed pericellular
unstained haloes and hemorrhage, whereas the molecular
layer of the offspring of women treated with VPA showed
numerous conspicuous vacuolated regions and pyknotic nu-
clei of Purkinje cells. Other research made a similar find-
ing, stating that VPA increased granular cell destruction by
causing aggregation and the loss of the majority of the cor-
tical architecture [82,83]. Some authors referred to the vac-
uolation that developed inside the Purkinje cell and molec-
ular layers as spongiform alterations [84]. Possible causes
of neuronal degeneration include intercellular biochemical
problems, such as altered morphological cell integrity, ab-
normal protein synthesis, impaired secretory and detoxifi-
cation processes, or inhibition of oxidative phosphorylation
in Purkinje cell mitochondria [85]. As demonstrated by the
improvement in the histopathological examination, the cur-
rent study’s administration of HupA reduced the harmful
effects of VPA on the affected group’s cerebellar cortex.
These results were consistent with research by Zhang et al.
[61], in which the authors assessed the possible protective
benefits of HupA on the cuprizone-induced demyelination
model of multiple sclerosis.

One distinguishing feature of adult astrocytes is the
presence of GFAP, the most abundant intermediate filament
protein in these cells. Activated microglia have been found
to be crucial in the development of autism spectrum dis-
order [86]. Activated microglia are the primary source of
reactive oxygen species in brain disease, and their neuro-
toxic effects and the subsequent release of inflammatory
cytokines contribute to neurodegeneration across a variety
of brain regions [83]. The current study’s findings validated
neurodegenerative and apoptotic changes in the cerebellum,
as shown by an increase in GFAP positivity, using histolog-
ical and immunohistochemical evaluations in a rat model of
autism spectrum disorder. We found that GFAP was over-
expressed in the cytoplasm of astrocytes in the Autistic rat
model as compared to the control group. This expression
was observed in both the cell body and processes. These
results were previously seen by histology and immunobhisto-
chemistry studies in the cerebellum of autistic animal mod-
els [50,82,83]. A compensatory mechanism following VPA
neurotoxicity could include astrocyte activation, as shown
by a statistically strong positive GFAP immune reactivity.
The production of hazardous reactive oxygen and nitrogen
species in response to neurodegeneration turned these neu-
roglial cells into cells with the ability to cause cell death
[50]. The current study demonstrated that HupA has a pro-
tective effect by showing that the GFAP immunohistochem-
istry reaction improved significantly after HupA treatment
with VPA.
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Conclusions

These findings highlight the significant -effect
of Huperzine A on neurobehavioral changes, acetyl-
cholinesterase, and cerebellar histology changes in the
rat model of autism caused by VPA. This suggests that
Huperzine A could be a valuable therapeutic drug for the
treatment of autism spectrum disorders.
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