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Autism is a neurodevelopmental disorder that impairs communication and social interaction.
This study investigated the possible beneficial effects of erythropoietin (EPQO) on experimen-
tal autistic-like behaviors induced by propionic acid (PPA). Twenty-four rats were distributed
into three groups: (i) control; (i) PPA_Gp: daily injected subcutaneously with PPA for five
consecutive days; PPA+EPO-Gp: injected with PPA, then received intraperitoneal injection
of EPO once daily for two weeks. Behavioral changes in the rats were assessed. Specimens
from the cerebellar hemispheres were subjected to histological and ultrastructure examina-
tion, immunohistochemistry for glial fibrillary acidic protein (GFAP) and calbindin-D28K, and
biochemical analysis for glutathione peroxidase (GSH-Px), malondialdehyde (MDA), gamma
amino-butyric acid (GABA), and serotonin. PPA-Gp showed significant behavioral impair-
ment, with a significant depletion in GSH-px, GABA, and serotonin and a significant increase
in MDA. Histological examination revealed reduced Purkinje cell count with ultrastructural
degeneration, irregularly arranged nerve fibers in the molecular layer, astrogliosis, and sig-
nificantly decreased calbindin-immunostaining compared to the control. EPO protected cere-
bellar structure, increased Purkinje cell count, improved neuronal morphology, reduced PPA-
induced autistic-like features, alleviated neuronal oxidative stress, increased intercellular
antioxidant levels, and suppressed inflammation. EPO provided significant protection against

PPA-induced autistic features in rats, with structural preservation of Purkinje cells.
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I. Introduction

Autism spectrum disorder (ASD) is a neurodevelop-
mental disorder characterized by impaired communication
and social skills, repeated and disorganized movements,
sensory abnormalities, and occasional self-injury. Recently,
there has been considerable evidence that the cerebellum is
a major organ affected in ASD and plays a paramount role
in autism pathophysiology [36]. Postmortem pathological

Correspondence to: Samaa Samir Kamar, Histology Department, Faculty
of Medicine, Cairo University, Egypt, 11559.
E-mail: Samaakamar@cu.edu.eg

examination of autistic brains demonstrated decreases in
the gray and white matter of the cerebellum, with decreased
size and number of Purkinje cells (PC) and output neurons
in the cerebellum [17].

The short-chain fatty acid PPA is synthesized by gut
microorganisms as a fermentation product and is a com-
monly used food preservative. Massive intake of processed
foods with high amounts of PPA is a leading cause of
autism, particularly in pregnant women, with an increased
risk in newborns [1]. It passes through the gut-blood and
blood-brain barriers and is taken up by neuronal cells, caus-
ing intracellular acidification, which affects neurotrans-
mitter release and causes neuroinflammation, enhanced

© 2023 The Japan Society of Histochemistry and Cytochemistry



78 Hosny et al.

oxidative stress, and glutathione depletion [23]. These
induce behavioral exacerbations and autism-like features
[6].

Erythropoietin (EPO) is a glycoprotein hormone that
plays a pivotal role in erythropoiesis. Within the central
nervous system, EPO receptors (EPO R) are expressed in
the cerebral cortex, midbrain, hippocampus, internal cap-
sule [24], and cerebellar granule cells [19]. Moreover, EPO
receptors are expressed in the brain capillaries and end-feet
of astrocytes, suggesting that circulating EPO is transferred
into the brain tissue [11]. Several studies have demon-
strated the neuroprotective and neurotrophic efficacy of
EPO in various neuropsychiatric disorders, including
neurodegeneration [26], epilepsy [34], Alzheimer’s disease
[29], and traumatic brain injury [9]. In animal studies, EPO
showed a modulatory effect on neurogenesis as well as
anti-inflammatory, antioxidant, and anti-excitotoxic proper-
ties [37]. It is also linked to improved memory and learning
performance [33].

This study assessed the possible neuroprotective
effects of EPO in a PPA-induced autism model in young
male rats using histological, immunohistochemical, elec-
tron microscopy, and biochemical studies correlated with
morphometric and statistical analyses.

II. Materials and Methods

Drugs

Propionic acid was used as a solution of > 99.5% (500
mL) (Sigma-Aldrich, St. Louis, Missouri, U.S.). Erythro-
poietin; “EPREX®” in the form of 0.4 ml prefilled syringes
containing 4000 I.U. of recombinant human erythropoietin
(r-HuEPO) (Santa Farma, Istanbul, Turkey).

Animals

Twenty-four young Wistar male albino rats, at 3 weeks
of age and weighing approximately 100 g, were housed in
ventilated cages at 24°C in Kasr Al Ainy Animal House,
Cairo University, and fed ad libitum throughout the experi-
ment. The experimental protocol was approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of
Cairo University (approval no. CU-III-F-48-22).

Experimental design

Wistar rats [35] were equally distributed into three
groups (n = 8), with four rats per cage, as follows: (i) con-
trol rats; (ii) PPA-Gp: each rat received 500 mg/kg (250
mg/mL, pH 7.4) of PPA by subcutaneous injection once
daily for five consecutive days, then left for two weeks [6];
(ii1) PPA+EPO-Gp: each rat received PPA as in PPA-Gp for
five consecutive days, followed by intraperitoneal injection
(IPI) of EPO at a dose of 5,000 U/kg once daily for two
weeks [21].

At the end of the experiment, all rats were subjected to
neurological examination using the elevated plus-maze and
social interaction tests to assess the progression of autistic

features. The rats were then sacrificed by IPI of ketamine-
xylazine (100 mg/kg), followed by transcardial perfusion
with 10% formalin until the liver was cleared [15]. The
cerebellum of each rat was dissected and divided into two
hemispheres for biochemical and histological analysis.

Functional neurological examination
Behavioral assessment and procedures using the elevated plus
maze test

All rats were examined neurologically to detect
anxiety-like behavior. Each rat was allowed to explore the
maze for 5 min in a four-armed elevated plus maze, and
their behavior was recorded using a video camera. The
recorded behaviors were the time spent in the free arms, the
number of entries made in the open arm, the number of
head dippings, and the duration of grooming. The elevated
plus maze consisted of a central square and four arms: two
arms without walls (open arms) and two arms enclosed by
40 cm high plastic walls (closed arms), and each arm was
50 x 10 cm in dimensions. The arms were elevated from
the ground by 50 cm [13].

Behavioral assessment and procedures using social interaction
tests

The day before the experiment, rats were housed sepa-
rately. The following day, after 60 min of habituation in the
experimental room, the examination was performed using a
white apparatus (a 50 x 40 x 40 cm box) [39]. The test was
performed by exposing each rat from one group to another
unfamiliar rat (control versus control or PPA-Gp versus
PPA-Gp) for 20 min [6]. The percentage (%) of engage-
ment time was calculated. Mounting, grooming, and
sniffing body parts were considered indicators of social
interaction and engagement [14].

Biochemical study

Part of the right cerebellar hemisphere of each rat was
thoroughly ground using a manual grinder in 0.05 M PBS
(pH 7.4) as a 0.01% weight/volume of tissue homogenate
buffer (0.7 mg tissue in 7 ml buffer). The supernatants were
separated by centrifugation for 2 min at 2000 x g to sepa-
rate the supernatants [2] at the Department of Medical Bio-
chemistry, Faculty of Medicine, Cairo University, to assess
the following parameters:

- Glutathione peroxidase: using tert-butyl hydroperoxide as
a peroxide substrate

- Malondialdehyde: Thiobarbituric acid-reactive by-products
of lipid peroxidation (TBARS)

- Gamma amino-butyric acid: ELISA immunoassay kit was
supplied by ALPCO Diagnostics (Salem, NH, USA) and
performed according to the kit’s instructions.

The serotonin ELISA immunoassay kit was supplied
by Immuno-Biological Laboratories (IBL, Hamburg,
Germany) and was performed according to the manufac-
turer’s instructions.
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Quantitative real-time polymerase chain reaction (qRT-PCR)
of EPO R

Quantitative expression of the EPO R gene was
assessed using qRT-PCR. The homogenized cerebellar
samples of all study groups were processed, total RNA was
extracted using TRIzol (Life Technologies, USA), and
single-stranded cDNA was produced using the Thermo Sci-
entific cDNA kit (#K4374966) for RT-PCR. Equal amounts
of cDNA were then used for the subsequent PCR, which
was conducted using GoTaq Green Master Mix (Promega),
PCR-grade water, and specific primers for EPO receptor
(Forward Primer: 5-TTCAGCGGATTCTGGAGTGCCT-3',
Reverse Primer: S'AGCAACAGCGAGATGAGGACCA-3").
The data were computed using the Sequence Detection Pro-
gram version 1.7 (PE Biosystems, Foster City, CA, USA).
The comparative Ct method (Applied Biosystems, USA)
was used to determine the relative expression levels to -
actin (housekeeping gene), according to the manufacturer’s
instructions: forward primer B-actin, 5'-GGAGATTACT
GCCCTGGCTCCTA-3'; B-actin reverse primer, 5'-
GACTCATCGTACTCCTGCTTGCTG-3'.

Histological studies

The left cerebellar hemispheres were fixed in 10% for-
malin in 0.1 M phosphate-buffered saline for 48 hr and then
processed into paraffin blocks. Serial sections of 5 um
thickness were subjected to the following:

(a) Hematoxylin and eosin (H&E) staining to illustrate
morphological changes.
(b) Bielschowski’s silver (Ag) method for neurofibril

demonstration [4].

(c) Immunohistochemical staining was performed using
the following formula:

1- Anti-GFAP, a mouse monoclonal antibody (Lab
Vision Corporation Laboratories, U.S., Cat. #
MS-1376-P0, dilution 1:100) to identify astrocytes

2- Anti-calbindin D28K antibody (D-4) and mouse
monoclonal antibody (Santa Cruz Biotechnology,
U.S., Cat. # sc-365360; dilution 1:100) to demon-
strate PCs.

For immunohistochemical staining, sections were
deparaffinized, rehydrated, and retrieved in 10 mM citrate
buffer (pH 6) under heated conditions for 30 min, and then
incubated overnight with the primary antibodies in a
humidity chamber. Incubation with the mouse/rabbit poly-
detector DAB HRP Brown Detection System (Bio SB,
China, Cat. # BSB 0201S) was performed for 45 min at
room temperature in humidity chamber. Immunohistochem-
ical staining was performed using diaminobenzidine as a
chromogen and counterstained with Mayer’s hematoxylin.

Electron microscopy

About 1 mm?3-sized specimens of the cerebellar cortex
were first fixed in 2.5% glutaraldehyde (pH 7.4) and then
post-fixed in 1% osmium tetroxide. To contrast the ultra-
thin sections (60-70 nm), they were mounted on copper

grids and stained with uranyl acetate and lead citrate. A
transmission electron microscopic (TEM) analysis was per-
formed using a JEM-1400A TEM (JEOL, Tokyo, Japan)
operated at 80 kV at the Faculty of Agriculture Research
Center, Cairo University.

Morphometric study
Using Olympus light microscope (Japan) connected to
a “Leica Qwin 500C” image analyzer system (Cambridge,
UK) at the Histology Department, Faculty of Medicine,
Cairo University, eight randomly chosen high-power fields
(x 400)/section in each group were examined to obtain the
following parameters:
(a) Purkinje cell count in H&E-stained sections
(b) Optical density of the Ag-positive reaction in the
molecular layer of Ag-stained sections
(c) Area % of GFAP-immunopositive astrocytes
(d) Optical density of calbindin D28K immunopositive
cells in immunostained sections

Statistical analysis

Statistical Package for Social Science software, ver-
sion 16 was used to evaluate and compare biochemical and
morphometric measures. One-way analysis of variance and
post hoc Tukey tests were used to compare the different
groups with the control group, and all data was presented as
mean + standard deviation (SD). Correlations between
quantitative variables were determined using Pearson’s
correlation coefficients. Statistical significance was set at
p <0.05.

III. Results

Amelioration of anxiety and social deficits with EPO

As shown in (Table 1), the results obtained from the
elevated plus maze included the number of open arm
entries, time spent in the open arm, and number of head
dips, all of which indicated risk assessments. These values
were significantly lower in the PPA-Gp group than those in
the control group. However, they showed improvement in
PPA+EPO-Gp compared to PPA-Gp. The duration of
grooming indicated that anxiety was significantly increased
in PPA-Gp compared to the control group and significantly
decreased in PPA+EPO-Gp compared to PPA-Gp. Social
interaction was also assessed. The current results reported a
significant decrease in the duration of social interaction in
the PPA-Gp group compared to the control group, and an
improvement was observed in PPA+EPO-Gp compared to
PPA-Gp.

Change in the level of GSH-Px, GABA, serotonin, and MDA
levels with EPO

The PPA-Gp showed a statistically significant
decrease in the mean values of GSH-Px, GABA, and sero-
tonin levels, which were associated with a significant
increase in the mean values of MDA levels in comparison
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Table 1.  The result obtained from elevated plus maze and social interaction test for all the experimental groups (n = 8)

Neurological assessment Control PPA-Gp PPA+EPO-Gp
No of open arm entry 525+1.04 2.25+1.04* 4.5+ 1.2#
The time spent in open arm (sec) 30.13 +3.87 11.63 £2.67* 2238 £2.97*#
Head dips 22.75+3.11 8.25+ 1.98* 18 £2.14%#
Duration of grooming (sec) 7+1.69 21 +3.82% 11.38 £2.33*#
Interaction time (sec) 174.88 £5.28 59.12 + 6.94* 97.12 + 6.94*#

* Sig (< 0.05) versus the control Gp; # Versus PPA-Gp.

Table 2. The mean values (£ SD) of GSH-Px, MDA, GABA, serotonin and EPO R levels in the control and the experimental groups (n = 8)

Groups GSH-Px (mmol/mL) MDA (nmol/mL) GABA (ng/mg) Serotonin (ng/mg) EPOR
Control 6.19 £ 1.53 12.56 +£1.29 93.38 £ 8.49 7.83+1.29 1.01 +£0.01
PPA-Gp 1.88 + 1.28%* 25.78 £2.21%* 76.87 + 7.02* 4.25 +0.96* 1.63 £ 0.06*
PPA+EPO-Gp 5.59 +1.84% 12.49 + 1.08* 93.51 +4.35% 6.09 = 1.16%# 1.58 £0.05*

* Sig (< 0.05) versus the control Gp; # Versus PPA-Gp.

with the control group. The PPA+EPO-Gp revealed a sig-
nificant decrease in the mean values of serotonin levels
compared to the control group, with no significant differ-
ence between them in the other parameters. In addition,
PPA+EPO-Gp displayed a significant decrease in the mean
values of MDA and a significant increase in the mean
values of GSH-Px and GABA compared to PPA-Gp
(Table 2).

Estimating the gene expression levels of EPO receptor (EPO
R) in all studied groups

The cerebellar homogenate revealed a significant
increase of EPO R that was estimated by qRT-PCR in PPA-
Gp and PPA+EPO-Gp groups compared to the control
group. The data revealed no significant difference regard-
ing the expression levels of EPO R between PPA-Gp and
PPA+EPO-Gp (Table 2).

EPO mitigated the cerebellar injury in PPA-induced autistic
rats

The cerebellar cortex of the control rats exhibited
three consecutive layers: the outer molecular, middle
Purkinje, and inner granular layers. Sections from PPA-
Gp showed obvious degeneration of PCs that were widely
spaced by lost cells. Besides, the separation between gran-
ule cells in the granular layer was detected. The PPA+EPO-
Gp demonstrated a normal histological architecture of the
cerebellar cortex with a significant increase in the PCs
count, demonstrating vesicular central nuclei and promi-
nent nucleoli. (Fig. 1C-D)

EPO protected the PC neurofibril connectivity in PPA-
induced autistic rats

Sections from the control rats showed PCs with regu-
larly arranged nerve fibers in the molecular layer. In con-
trast, PPA-Gp exhibited many irregular dark brown nerve
fibers in the molecular layer, which showed a significant
increase in the optical density of Ag-positive reactions

compared with the control and PPA+EPO-Gp groups. How-
ever, PPA+EPO-Gp showed regular nerve fibers in the
molecular layer (Fig. 1E-H).

EPO protected against astrogliosis

Sections from PPA-Gp demonstrated enhanced
astroglial activity in all cerebellar layers. Sections from
PPA+EPO-Gp revealed decreased astroglial activity com-
pared with that of PPA-Gp (Fig. 2A-D).

EPO protected against PCs degeneration

The control group showed strong cytoplasmic cal-
bindin immunostaining in PCs and nerve fibers in the
molecular layer. The PPA-Gp exhibited significantly
reduced cytoplasmic calbindin immunostaining in distorted
PCs and nerve fibers in the molecular layer. Meanwhile,
PPA+EPO-Gp revealed strong positive cytoplasmic
immunostaining in most PCs and nerve fibers in the molec-
ular layer, which was comparable to that of the control
(Fig. 3A-D).

Ultrastructural changes of Purkinje cells

The control group showed PCs with central euchro-
matic nuclei, well-defined, regular nuclear membranes, and
prominent nucleoli. Their cytoplasm contained mitochon-
dria, short cisternae of the rough endoplasmic reticulum
(rER), polysomes, and a well-developed Golgi apparatus
(Fig. 4A). Meanwhile, sections of the PPA-Gp revealed
most PCs with irregular nuclei, chromatin clumps, and
irregular nuclear membranes. Dilated cisternae in the rER,
abnormally swollen mitochondria, and lysosomes were
observed. Wide spaces surrounding PCs were also observed
(Fig. 4B). In contrast to PPA+EPO-Gp, most PCs had cen-
tral euchromatic nuclei with well-defined regular nuclear
membranes and prominent nucleoli. The cytoplasm con-
tained mitochondria, cisternae of the rER, polysomes, and a
well-developed Golgi apparatus (Fig. 4C).
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Fig. 4. Photomicrographs of ultra-thin sections in the Purkinje cells. (A) Purkinje cell in the control group shows a central euchromatic nucleus (N) with
a well-defined regular nuclear envelope (zigzag arrow) and prominent nucleolus (Nu). The cytoplasm exhibits mitochondria (M), short cisternae of rER
(R), polysomes (P), and well-developed Golgi apparatus (G). (B) Purkinje cell in PPA -Gp reveals an irregular nucleus (N) with chromatin clumps (C)
and an irregular nuclear envelope (zigzag arrow). The cytoplasm exhibits dilated cisternae of rER (R), abnormally swollen mitochondria (M), and
lysosomes (L). Wide spaces (S) surrounding the Purkinje cell are also seen. (C) Purkinje cell in PPA+EPO-Gp shows a central euchromatic nucleus (N)
with a well-defined nuclear envelope (zigzag arrow) and prominent nucleolus (Nu). The cytoplasm shows mitochondria (M), short cisternae of tER (R),
polysomes (P), and well-developed Golgi apparatus (G). (n = 8) (Magnification 4000x)
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Fig. 5. Correlation between calbindin D28K immune-expression in the cerebellum and cognitive functions. Calbindin D28K immune expression displays
a positive correlation with (A) the No. of open arm entry, (B) the time spent in open arm (Sec.), (C) the No. of head dipping from the other side, and (D)
the duration of social interaction. (E) Represents a negative correlation between calbindin D28K and the duration of grooming. (n = 8)

Correlation results

The data demonstrated a strong association between
calbindin% and the number of open arm entries (r = 0.757,
p <0.001), the amount of time spent in the open arm (Sec.)
(r=10.771, p < 0.001), the number of head dips (r = 0.884,
p <0.001), and the duration of social interaction (Sec.) (r =
0.736, p < 0.001). In addition, there was a negative correla-
tion between calbindin% and grooming duration of groom-
ing (Sec.) (r=-—0.779, p <0.001) (Fig. 5).

IV. Discussion

Autism spectrum disorder (ASD) is a neurodevelop-
mental disorder characterized by social-affective impair-
ments and deficits in verbal and non-verbal communi-
cation. This study evaluated the possible neuroprotective
effects of EPO in a PPA-induced autism model in young
male rats using histological, immunohistochemical,
electron microscopic, and biochemical analyses.

The cerebellum was selected for the study of autism
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because of its pivotal role in the pathological changes in
autism [5]. Recent research supported that the integrity of
the cerebro-cerebellar loop is substantial cortical develop-
ment and that its dysfunction can mediate deficits in motor
control and provoke repetitive and stereotyped behaviors in
ASD [10]. Previous brain studies have indicated the role for
the cerebellum in the regulation of emotions and anxiety. A
single session of repeated high-frequency transcranial
magnetic stimulation (rTMS) to the medial cerebellum of
healthy volunteers provoked a positive mood. Low fre-
quency rTMS of the vermis has induced a negative mood
[30, 31].

In the current study, we evaluated the behavioral
response in rats exposed to PPA that was successfully able
to induce autistic-like features, including significant anxi-
ety and decreased social behaviors, compared to the control
group. The high frequency of open-arm activity and head
dipping is an indicator of exploration, less anxiety, and an
attitude toward risk assessment. In addition, less fearful
behavior can be confirmed by a decreased grooming dura-
tion [32]. In previous studies, PPA administration in rats
exhibited changes in the synthesis and release of neuro-
transmitters, elevated levels of microglia and neurotoxic
cytokines, including interleukin (IL)-6, tumor necrosis fac-
tor (TNF)-0, and interferon-y, and abnormal behaviors,
such as repetitive and deteriorated social interactions [12,
26].

Histological examination of the cerebellum in PPA-Gp
showed obvious PC dysmorphology and a reduced count.
Besides, a significant reduction in the levels of GSH-Px,
GABA, and serotonin and a significant elevation in the
MDA level were estimated in the brain tissue, indicating
the extent of cellular oxidative injury, The accumulated
neurofibrils caused global degenerative changes in neurons
and their axons, resulting in disrupted myelination [3]. Pre-
vious studies have revealed a correlation between the
induction of oxidative stress and the depletion of antioxi-
dant enzymes, including GSH reductase, glutathione perox-
idase, and superoxide dismutase, after PPA administration
[12, 25]. Lobzhanidze et al., 2019 [22], documented that
elevated oxidative stress caused an intense disturbance in
the intercellular biochemical events and damage to the pro-
teins, DNA, and lipid components inside the cell, resulting
in degenerative changes in PCs. In addition, PPA declined
the antioxidant defense system by decreasing GSH levels
and increasing TNF-o and IL-6 levels, thereby increasing
the cell liability for lipid peroxidation in different brain
regions. Moreover, low levels of IL-10 promoted neuro-
inflammation. Neuroinflammation and oxidative damage
have significant roles in neurodegeneration and neurodevel-
opmental changes [25].

In the present study, the cerebellum of PPA-treated
rats showed marked astrogliosis, associated with a signifi-
cant decrease in the optical density of calbindin, indicating
PC degeneration. GABAergic signaling performed a criti-
cal role in brain development; thus, ASD pathogenesis is

related to its disturbance. Classification of GABAergic neu-
rons depends on the expression of Ca*'-binding proteins
such as calbindin D-28k, parvalbumin, and calretinin [7].
Previous studies have demonstrated that calbindin D-28k,
which is expressed in PCs, is an essential determinant of
normal motor coordination and sensory integration. The
absence of calbindin from this neuron results in a novel
mouse phenotype with distinct deficits in the precision of
motor coordination and the processing of coordination-
relevant visual information [5]. Whitney and colleagues
(2008) [40] reported that calbindin-D28k is a more reliable
marker that shows decreased PC numbers. The authors
observed a decreased number of PCs in all cerebellar parts
in the autism-like group compared with the control group.
Our results showed that calbindin immunostaining was
positively correlated with the number of open arm entries,
duration in the open arm of the elevated plus maze, and
duration of social interactions, whereas it was negatively
correlated with grooming duration. This indicated a correla-
tion with the severity of the autistic-like features.

In the present study, substantial protection was
detected in PPA+EPO-Gp compared to that in PPA-Gp.
EPO administration resulted in significantly improved
behavioral assessment scoring and GABA levels as com-
pared to PPA-Gp, with a comparable level to those of the
control rats in the levels of GSH-Px and MDA. Golshani et
al., 2019 [16], found that EPO improved the biochemical
impairments that accompanied the neurodegeneration
resulting from bile duct ligation. In a lipopolysaccharide-
induced rat model of ASD, EPO decreased neuroinflamma-
tion, as indicated by reduced brain TNF-a levels, and
improved social deficits as well [33]. In a randomized
phase II trial that was conducted to study preterm infants’
neuroprotection by EPO, the latter was able to decrease
serum pro-inflammatory markers and improve brain injury
biomarkers [18]. Additionally, EPO restored social deficits
and increased interaction time in a rat model of prenatal
transient hypoxia-ischemia-mediated brain injury [28].

The expression levels of EPO R were statistically
evaluated and their mean values were significantly in-
creased in the whole cerebellar tissue of PPA groups com-
pared to the control group. In this context, Digicaylioglu
and colleagues [8] identified the localization of EPO R
in various regions of mouse and primate brains. Mean-
while, the activation of EPO R was suggested to exert a
neuroprotective role. It was found that exposure to hypoxia
can induce EPO R expression in neurons aiming for protec-
tion [38]. In in-vitro cultured cerebellar granule cells that
were extracted from Wistar rats, the inhibition of Ca?'-
mediated glutamate release was mediated by both erythro-
poietin and the EPO R agonist, thus indicating the role of
EPO-EPO R activation in preventing neuronal cell death
[19].

The H&E examination of the PPA+EPO-Gp cerebellar
cortex demonstrated an apparently normal histological
architecture with a few distorted PCs. These findings were
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supported by silver staining, which showed few distorted,
faintly stained PCs among apparently normal cells with
regular nerve fibers in the molecular layer, in addition to
the preserved ultrastructural features of PCs, the significant
increase in the mean number of apparently normal PCs, cal-
bindin expression in PCs, and a significant decrease in
astrogliosis compared to PPA-Gp. Rivera-Cervantes et al.,
2019 [27] reported that treatment with EPO was associ-
ated with an increase in the number of normal cells with no
observed cellular abnormalities in the brain, and no statisti-
cally significant differences were found regarding the con-
trol group. In a rat model of bile duct ligation-induced
neuroinflammation, gliosis and neurodegeneration were
significantly decreased by EPO administration [16]. Conse-
quently, the antioxidant properties of EPO might be a prob-
able mechanism of action, as EPO decreases the levels of
reactive oxygen species and modulates inflammatory
cytokines and mitochondrial dysfunction in rats [18]. EPO
can execute multiple protective pathways, including the
attenuation of inflammatory responses, inhibition of apop-
tosis, restoration of vascular autoregulation, restoration of
cellular function, and promotion of angiogenesis and neuro-
genesis, which are crucial for the repair of normal and
injured neurodevelopment [20].

In conclusion, this study demonstrated that EPO pro-
vided significant protection against PPA-induced autistic
features in rats with structural preservation of PCs, allevi-
ated gliosis in the cerebellar cortex, increased intercellular
antioxidant levels, and suppressed neuroinflammation, sug-
gesting its use as a promising neuroprotective approach in
similar cases in the future.

Future studies are recommended to explore the exact
site of EPO receptors localization in cerebellar layers and
to identify the site of highest expression.

V. Limitation of the Study

The authors did not investigate what kinds of cells
express EPO-R in the cerebellum in this study. Other brain
regions, such as the hippocampus may also contribute to
the behavioral improvement by EPO in this study, because
PPA-induced neurodegeneration and EPO-mediated neuro-
protection was observed not only in the cerebellum, but
also in the hippocampus (supplementary material).
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