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Abstract

Epilepsy significantly reduces the patient’s quality of life, and we still need to develop new therapeutic approaches to control
it. Transplantation of cells such as Sertoli cells (SCs), having a potent ability to release a variety of growth and immuno-
protective substances, have made them a potential candidate to deal with neurological diseases like epilepsy. Hence, this
study aims to evaluate whether SCs transplant effectively protects the hippocampus astrocytes and neurons to oppose sei-
zure damage. For this purpose, the effects of bilateral intrahippocampal transplantation of SCs were investigated on the rats
with the pentylenetetrazol (PTZ) induced seizure. After one-month, post-graft analysis was performed regarding behavior,
immunohistopathology, and the distribution of the hippocampal cells. Our findings showed SCs transplantation reduced
astrogliosis, astrocytes process length, the number of branches, and intersections distal to the soma of the hippocampus in
the seizure group. In rats with grafted SCs, there was a drop in the hippocampal caspase-3 expression. Moreover, the SCs
showed another protective impact, as shown by an improvement in pyramidal neurons’ number and spatial distribution.
The findings suggested that SCs transplantation can potently modify astrocytes’ reactivation and inflammatory responses.
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Introduction

Epilepsy is a prevalent neurological disorder that signifi-
cantly reduces the life quality of patients. The world health
organization (WHO) estimates that 50 million people suffer
from it globally nowadays (WHO (n.d.) para. 1). This dis-
order is predisposed to aberrant recurring neuronal activity
within the brain. Cognitive and behavioral impairments after
seizures have been proven to be prevalent comorbidities in
people with epilepsy (Jokeit and Ebner 2002; Fisher et al.
2005). The primary etiology of epilepsy is an imbalance
between activation and inhibition within the central nervous
system (CNS) (Scharfman 2007). The CNS possesses auto-
protective and repairing mechanisms to defend itself from
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neuronal damage brought on by epilepsy, according to the
evidence (Mori et al. 1991; McCloskey et al. 2005).

The seminiferous tubules of testis tissue are home to Ser-
toli cells (SCs), which partially resemble mesenchymal stem
cells (MSCs). Creating the blood-testis barrier within the
seminiferous epithelium is critical in developing an immu-
nological defense for the growing germ cells. Additionally,
SCs can release a variety of growth and immunoprotective
substances, which create an immune-privileged environ-
ment when combined. These immunoprotective qualities
are essential for the co-implantation SCs with other tissues
and the survival of spermatogenic cells (Gong et al. 2017).
For instance, co-grafting rat or mouse ventral mesencepha-
lon neurons with SCs resulted in the co-grafted cells being
neuroprotective (Shamekh et al. 2005). Moreover, previ-
ous studies showed improved striatal neuronal atrophy and
the reversal of locomotor abnormalities after transplanting
SCs into the rat striatum of a 3-nitropropionic acid model
of Huntington’s disease (Rodriguez et al. 2003). In light of
this, co-grafting neural cells with SCs, which release several
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trophic and immunosuppressive chemicals, might be a suc-
cessful strategy for treating neurodegenerative illnesses
(Willing et al. 1998).

In the PTZ-kindling mouse model of epilepsy, it is
shown that astrocytes are activated in particular cortical
areas (Ueno et al. 2020). PTZ-kindling in rats resulted in a
moderate loss of neurons in the CA1, CA3, CA4, and den-
tate gyrus hippocampal regions. Most of the injured cells
were cycline B1 positive. It is suggested that PTZ-kindling
may be a suitable model to investigate the mechanisms of
seizure-induced neuronal death because cycline B1 expres-
sion has been described in hippocampal neurons of patients
with temporal lobe epilepsy (Nagy and Esiri 1998; Pavlova
et al. 2006). Findings of Zhu et al. (Zhu et al. 2015) demon-
strated that PTZ-kindled mice exhibited considerable hip-
pocampal neuronal loss and astrocytosis and suggested that
NMDA receptor NR2B subunits are involved in clinical and
physiological processes that are connected to epilepsy, such
as hippocampus astrocytosis, oxidative stress, and neuronal
degeneration (Zhu et al. 2015). In the current study, we aim
to investigate the neuroprotective effects of SCs transplant
in the PTZ-rat models of epilepsy.

Materials and methods
Materials

Dulbecco’s Modified Eagle’s Media (DMEM/F12) was
obtained from Invitrogen (Invitrogen, Carlsbad, CA, USA).
Pentylenetetrazol (PTZ) (P6500) was purchased from Sigma
Aldrich (St. Louis, Mo, USA). Antibodies against GFAP
(cat number ab7260, 1:300), GDNF (cat number ab18956,
1:300), caspase-3 (ab32351, 1:500), and Mouse and Rabbit
Specific HRP/DAB (ABC) Detection IHC kit (cat number
ab64264) were bought from Abcam (Cambridge, Massachu-
setts). Other materials were purchased from Sigma Alderich
(St. Louis, Mo, USA).

Isolation and culture of SCs

After receiving approval from the animal care committee
of Shahid Beheshti University of Medical Sciences, male
albino Wistar rats (20-30 days old) were killed under deep
anesthesia, and the testes were removed. The tunica albug-
inea was taken from the individual testis, which was sequen-
tially digested first with trypsin (0.25%) for 15 min and then
with collagenase (0.1%) for 15 min at 37 °C. Afterward, fetal
bovine serum (FBS) was added. Following centrifugation
of the solution, the pellet was transferred to a culture media
containing DMEM/ F12 and FBS (10%). Forty-eight hours
later, the culture media was changed to discard the debris
and red blood cells.
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Immunocytofluorescence

SCs were cultured in a 24-well plate and fixed by 4% para-
formaldehyde (PFA). After washing with PBS, cells were per-
meabilized with Triton X-100. Then, cells were incubated with
anormal serum of goat followed by overnight incubation with
the primary antibodies against GDNF and FasL at 4 °C. The
fluorescent secondary antibodies were applied after washing
with PBS. For visualization of the nuclei, cells were stained by
DAPI. Preparations were examined under a fluorescent micro-
scope (Olympus IX71, Japan).

Kindling procedure

The current paper obtained 36 adult male rats (Sprague-Daw-
ley, 200220 g) from the Laboratory Animal Center of Shahid
Beheshti University of Medical Sciences, Tehran, Iran. The Uni-
versity Ethics Committee approved this animal experiment (IR.
SBMU.RETECH.REC.1399.534). The rats were housed in four
per cage at 22°C, under a 12 h light/dark cycle with ad libitum
access to water and food. For kindling, rats received a single dose
of 40 mg/kg PTZ dissolved in 500 pl of normal saline intraperito-
neally (i.p.) every 48 h. A total of 12-15 doses of PTZ were given
to each rat. Following each PTZ injection, we observed convul-
sive behavior for 20 min (Rajabzadeh et al. 2012). The seizures
were classified according to the Racine score (Racine 1972) as
follows: Stage 0: no response, Stage 1: ear and facial twitch-
ing, Stage 2: myoclonic jerks without upright position, Stage
3: myoclonic jerks and upright position with bilateral forelimb
clonus, Stage 4: tonic-clonic seizures, and Stage 5: generalized
tonic-clonic seizures, loss of postural control.

SCs transplantation

Bilateral Sertoli cell transplantation was performed one day
after the last injection of PTZ. The animals were assigned to
one of three experimental/transplant groups: control or intact
groups (n=12), PTZ (n=12), and PTZ+ Sertoli cells (500,000
cells; n=12). The Sertoli cells were maintained alive in suspen-
sion using a 2 ul DMEM aliquot stored on ice during surgery.
After being anesthetized (i.p.) with xylazine (10 mg/kg) /keta-
mine (70 mg/kg), the animals were bilaterally transplanted with
SCs in each hippocampus using a SuL Hamilton microsyringe
placed at the following coordinates, relative to (Bregma = -3.6,
Lat=2, DV =3.2). In the PTZ group, rats received media as a
vehicle. Rats were sacrificed at 30 days post-transplantation.

Measurement of short-term spatial memory
by T-maze test

T-maze (each arm 30X 15X 7 cm and 7 X 7 cm centerpiece)
was constructed using black acrylic plastic. After 30 min of
the habitation, the trial was started by placing mice facing
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away from the goal arms into the start arm. The rat was
allowed to freely explore and choose the left or right goal
arm. The tail cleared the goal arm and then closed the goal
arm using the centerpiece. After 30 s, the centerpiece was
eliminated, and the rat was moved back into the start arm,
letting it choose again between the two open-goal arms. The
T-maze test was performed through two daily trials at one
hour for three consecutive days. According to the scoring,
we performed analyses. If the rat repeatedly chose the same
goal arm in the same trial, the score would be 0. If the rat
chose different goal arms in the same trial, it would be 1.

Passive avoidance tests

A two-compartment box system was used for passive avoid-
ance training (Shuttle box) to evaluate long-term memory.
The irradiated chamber (35 x20x% 15 cm3), made of trans-
parent plastic, was linked using an 8 X8 cm2 guillotine.
Baseline evaluations of rats were carried out on day 0. First,
all groups became habituated to the system. Then, the rat
was located in the irradiated zone. After 5 s, the guillotine
door opened. The rat was taken from the dark area into the
home cage as soon as entering it. After 30 min, the habitu-
ation test was repeated and continued at the same interval
as the acquisition test with the closed-door guillotine. In
the following, we applied a 50 Hz, 1.2 mA constant cur-
rent shock for 1.5 s immediately after its entrance to the
dark zone. In the next step, the rat was removed from the
dark region and placed in the home cage 20 s later. It got
a foot shock and entered the dark zone another time. The
training stopped when the rat remained in the light zone.
After twenty-four hours, a retention test was conducted to
evaluate long-term memory. For this purpose, each animal
was put in the illuminated chamber for 10 s. In this stage,
the door opened, and the latency of entering the dark zone
(step-through latency (STLa)) and the time spent in the dark
compartment/zone (TDC) were recorded, representing the
retention performance. The maximum score was 300 s, and
these sessions had no electric shock.

Immunohistochemistry

During the first step of the IHC process, the rat was deeply
anesthetized by 100 mg/kg ketamine and 10 mg/kg xylazine.
Then, it was transcardially perfused with chilled saline and
fixed by a fixator containing 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS). In this stage, its brain was
extracted and placed in formalin before being prepared and
placed on the slides. Formalin-fixed tissues were embedded
in paraffin wax, and three samples were randomly selected
in each group. Then, the paraffin-embedded tissue section
was sliced typically by a rotary microtome (Thermo Fisher

Scientific, Waltham, MA, USA) with a thickness of 6 pm.
Next, 8—10 coronal sections were randomly chosen in each
sample. Subsequently, five fields were randomly captured
at high magnification. The slide was immersed in xylene to
remove the paraffin and then transferred to the water through
a series of diluted alcohols (100%, 95%, 70%, and 50%)
before staining. Afterward, antigen retrieval was carried out
before immunohistochemistry (0.01 M citrate buffer solu-
tion (pH 6.0), 0.01 M PBS buffer (pH7.0), 0.05 M EDTA
(pH 8.0), 0.05 M Tris-EDTA (pH 9.0), and 0.05 M Tris-
HCI). The primary antibodies were anti-GFAP antibody,
anti-caspase-3, and FasL diluted in the PBS solution con-
taining 0.3% Triton X-100 and 1% bovine serum albumin
(BSA). Thus, the sections were incubated in them overnight
at 4 °C. Consequently, they were incubated with secondary
antibodies of an avidin-biotin complex substrate in 0.05 M
Tris buffer (pH 7.6) containing 0.05% 3,3-diaminobenzidine
tetrahydrochloride and 0.03% hydrogen peroxide or second-
ary fluorescent conjugated antibodies. After the immunohis-
tochemical reaction, the sections were mounted by Mounting
Medium for IHC (Abcam. Cambridge, UK). Also, Fluo-
rescence microphotographs were captured by fluorescent
microscopy (E200, Nikon, Japan). All the steps were per-
formed by a researcher blinded to experimental conditions.

Astrocyte morphology and distribution

Astrocyte cells were stained specifically with GFAP anti-
body (specific astrocyte marker). Thirty individual GFAP*
cells were chosen and captured by the 40X objective lens for
reconstruction (Langhammer et al. 2010; Li et al. 2011). The
figure was imported to ImageJ (Java. NIH, USA). The nucleus
of each astrocyte was marked as the center. We performed
the Sholl analysis based on previous instructions to quantify
the total process length (Boroujeni et al. 2021; Moghaddam
et al. 2021). Each image was imported to ImageJ to measure
the soma size. After setting the image scale with the Wand
tools, the border of each soma was selected to determine the
nearest neighbor distance (NND). We used a script for Fiji
(ImageJ) developed by Y.Mao (Mao 2016) as described in
previous studies (Davis et al. 2017). Finally, the regularity
index (RI) can be calculated as follows:

X
RI = NND

5NND

where X, is the average NND of a population and 6,

is the standard deviation of that population (Wiussle et al.
1993; Davis et al. 2017). For the calculation of the arbor
area, a polygon was drawn manually by connecting the end-
points of the appendages using the ImageJ] Polygon tools
(Davis et al. 2017).
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Spatial distribution of hippocampal neurons

In addition, we investigated the spatial distribution of neu-
rons in the pyramidal layer of the hippocampus employing
the Voronoi tessellation method. Each polygon represents a
space occupied by a cell (Torquato and Haslach Jr 2002). The
neurons were mapped by the ImageJ Voronoi Plugin (Java.
NIH, USA). Each polygon was drawn around the cell body
of neurons. For this purpose, brain section images were cap-
tured using the 40X objective lens (Nikon Eclipse, E-200).
After setting the scale, each image was imported to Imagel
by the Voronoi plugin, and then Polygons were drawn by
clicking on the nuclei. Next, we calculated the polygon area
by running analysis — Measure (Safaeian and David 2013;
van Horssen et al. 2014), and also the percentage coefficient
of variation (CV) (standard deviation of the polygon areas/
meanx100) to determine the spatial distribution of neurons.
The CV of approximately 33—64% was associated with a
random distribution of the neurons. The CVs of 33% have a
regular pattern, and those above 64% are considered a clus-
tered distribution (Duyckaerts and Godefroy 2000).

Data analysis

Results were analyzed using the Graph Pad Prism 8 soft-
ware (Graph Pad Software Inc., La Jolla, CA, USA). We
assessed normality and variance homogeneity data using
Kolmogorov—Smirnov and Brown-Forsythe tests. For data
with a normal distribution and variance homogeneity, sta-
tistical analysis was performed by the one-way analysis of
variance (ANOVA) protocols followed by multiple com-
parison tests utilizing Tukey’s method to analyze the dif-
ferences. Otherwise, the statistical analysis of the data was
carried out by a non-parametric test. Moreover, a P-value
of less than 0.05 was considered statistically significant.
Statistical outputs were shown in APA style.

Results

SCs exhibited fibroblast-kike morphology
and expressed GDNF and FasL

Fibroblast-like cells appeared in culture dishes one week
after Sertoli cells were cultured. The cells grew rapidly and
covered the surface (Fig. 1a). In the current paper, we evalu-
ated SCs for the expression of GDNF and FasL after their
isolation from the testicular tissue of immature rats. The
former is a neurotrophic marker that SCs secrete, and the
latter is an immunological marker that is a specific marker
of SCs. Immunocytochemistry analysis indicated that Ser-
toli cells were immunopositive to the neurotrophic factor
of GDNF (Fig. 1b). FasL is a tumor necrosis factor-related
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type II transmembrane protein. Our results indicated that
SCs were immunopositive for FasL (Fig. 1¢). Following the
injection of SCs into the hippocampus of rats, the FasL-
positive SCs transplant can be seen in the hippocampus after
30 days (Fig. 1d).

Implantation of SCs augmented memory functions

We performed the T maze to measure the effect of SCs trans-
plant on short-term spatial memory (Fig. 2a). Our results
showed that the alternation rate decreased significantly in
the PTZ group as opposed to the control group (P <0.001).
Also, following the SCs transplantation, the alternation rate
increased compared to the PTZ group (P <0.001) (Fig. 2b).
On the other hand, after PTZ injection, latency showed a
considerable increment compared to the control (P <0.001).
However, latency represented a noticeable decline in the SCs
receiving group compared to the PTZ group (P <0.001)
(Fig. 2c). Furthermore, one-month post-injection of SCs
into the rat brains, there was a significant difference in time
spent in the dark compartment between PTZ injected rats
and PTZ + Sertoli cells group (P <0.001) (Fig. 2e). Accord-
ing to results of STLa, the difference between PTZ group
and PTZ + Sertoli cells group was statistically significant
(P<0.001) (Fig. 2f).

SCs implantation diminished apoptosis
in the hippocampus after PTZ injection

The protein expression level related to apoptosis (caspase-3)
was determined in the hippocampus 30 days after SCs trans-
plantation. The immunohistochemistry results revealed that
the upregulation of caspase-3 in the hippocampus was higher
in the PTZ group than in the control (P <0.001). However,
the expression level of caspase-3 dropped noticeably in
the PTZ + Sertoli cells group compared to the PTZ group
(P <0.001) (Fig. 3).

Grafted SCs in PTZ-lesioned rats declined gliosis

For the detection of astrogliosis, immunohistochemistry
against GFAP was done (Fig. 4a). Consequently, astro-
gliosis of the PTZ group was statistically higher than that
of the control (P <0.001). In the group receiving SCs, the
number of astrocytes exhibited a significant drop com-
pared with the PTZ group (P <0.001) (Fig. 4b.). Also,
GFAP-positive cells were subjected to the Sholl analysis
to study the morphology of astrocytes. The findings dem-
onstrated a significant reduction in the NND and regu-
larity index of the PTZ group in contrast to the control
group (P <0.001). However, SCs transplant increased the
NND and regularity index compared to the PTZ group
(P <0.001) (Fig. 4c, d).
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Fig. 1 In vitro characterization of SCs. a A spindle-shaped morphol-
ogy of SCs after 1 week of isolation. b Immunocytochemical stain-
ing revealed these cells were immunopositive for GDNF and ¢ FasL.

Grafted SCs prevented astrocyte reactivity
in the hippocampus of PTZ-injected rats

The Sholl analysis showed that injection of PTZ significantly
reduced the complexity of astrocytes compared to the control

d Hippocampal sections were immunostained with anti FasL. The
FasL positive SCs transplant could clearly be seen in the hippocam-
pus

group (P <0.001). On the other hand, the SCs transplant
increased the complexity of astrocytes in PTZ + Sertoli cells
compared to the PTZ group (P <0.001) (Fig. 5a). Our results
showed that the total astrocyte process length was increased
in the PTZ + Sertoli cells group in comparison with the
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«Fig.2 The effect of SCs implantation on short term memory and
long-term memory at 30th day. a Sample movement traces of a rat
in T-maze. b Two important variables of T-maze, the alternation
rate (%) (c) and latency as indicators of short-term memory. e Time
spent in dark compartment and f step through latency. (*P <0.05;
*#%P <(0.001). The values were expressed as means +SD

PTZ group (P <0.001) (Fig. 5b). Moreover, the grafted
SCs reduced the soma size of astrocytes in PTZ 4 Sertoli
cells compared to the PTZ group (P <0.001) (Fig. 5c). The
transplant of SCs increased the astrocyte arbors area and the
total number of branches in PTZ + Sertoli cells compared
to the PTZ group (P <0.001) (Fig. 5d, e). However, the
percentage of the primary branch of astrocytes in the con-
trol group, PTZ group, and PTZ + Sertoli cells group were
60.6%, 77.7%, and 48%, respectively. Also, the percentage
of the secondary branch of astrocytes in control, PTZ, and
PTZ + Sertoli cells groups were 32.7%, 20.5%, and 42.2%,
respectively. The tertiary arbores of astrocytes in control,
PTZ, and PTZ + Sertoli cell groups were 6.7%, 1.8%, and
9.8%, respectively (Fig. 5f).

Transplant of Sertoli cells protected hippocampal
neurons against PTZ toxicity

Stereological analysis showed that the number of pyrami-
dal hippocampus neurons decreased significantly in the
PTZ group compared to the control group (P <0.001). Our
results demonstrated that the number of pyramidal neurons
was protected in the PTZ + Sertoli cells as opposed to the
PTZ group (P <0.001) (Fig. 6a). In this study, we showed
that the mean number of dark neurons increased in the hip-
pocampus of PTZ injected group compared to the control
group (P <0.001). Grafted SCs decreased the mean number
of dark neurons in the PTZ + Sertoli cells group compared
to the PTZ group (P <0.001) (Fig. 6b).

Grafted Sertoli cells improved the spatial
distribution of hippocampal neurons in the A
injected rats

Figure 7a displays the Voronoi tessellation Is in control,
PTZ, and PTZ + Sertoli cell groups. According to our data,
30.33% of the polygon’s area of cells was in the range of
60—100 um? in the control group compared to 38.1% in the
PTZ group and 28% in the PTZ + DPSC group (Fig. 7b).
Due to the decrease in the number of cells, the dimensions
of the polygons were increased. In the PTZ group, CV clas-
sification was significantly higher than in other groups, while
the mean CV of polygon areas in all groups was in a random
range (33-64%) (Fig. 7c).

Discussion

In the current paper, we evaluated SCs for the expression
of GDNF and FasL after their isolation from the testicu-
lar tissue of immature rats. The former is a neurotrophic
marker that SCs secrete, and the latter is an immunological
marker that is a specific marker of SCs. Also, its expression
indicates the absence of graft rejection in the tissue. Our
results showed that the injection of SCs improved memory
function prevented astrocyte cell proliferation, stopped hip-
pocampal cell death, and generally led to neuroprotection.
This effect of SCs mainly occurred through the secretion of
neurotrophic markers such as GDNF.

In addition, the immunocytochemical image of SCs after
isolation in the culture medium revealed that these cells
could express the neurotrophic marker GDNF and the FasL
marker. Therefore, they can play a role in neuroprotection
by secreting GDNF. On the other hand, SCs in the culture
medium could express FasL, which has a role in transplant
rejection. FasL is also a key mediator of the apoptosis of
immune cells through its interaction with the Fas receptor.
It regulates immunological responses and maintains T-cell
tolerance (Askenasy et al. 2005).

Consequently, FasL is used as an immunomodulatory
agent to promote immune tolerance. Indeed, the immune
responses of allogenic T cells were suppressed in immature
dendritic cells with the modified FasL gene. Allograft tol-
erance of transplanted solid organs, such as the lung, liver,
heart, kidney, and pancreatic islet, was promoted. The lon-
gevity of allograft recipients increased by stimulating the
differentiation of T helper one cells into T helper two ones
(Naderi et al. 2011; Qian et al. 2013; Chen et al. 2014). In a
study, Chen et al. (Chen et al. 2019) indicated that IL-10 and
FasL co-transduction of immature dendritic cells induced
immune tolerance and survival of liver allograft in rats. The
L-10-FasL/immature dendritic cells caused an increased
reduction in the expression of CD86, CD80, and major his-
tocompatibility complex class II (MHC II) and T-cell prolif-
eration (Chen et al. 2019). Therefore, the expression of the
FasL marker by SCs could show that SCs would not undergo
graft rejection after injection.

Our immunohistochemical analysis of the FasL. marker
of SCs injected into the hippocampus showed that these
injected cells were seen in the hippocampal tissue one
month after the injection. Moreover, it was proposed that
SCs may display their immunoprotective activity by produc-
ing FasL.. The immune response was downregulated because
of the apoptosis of lymphocytes caused by FasL binding to
Fas on activated lymphocytes (Nagata and Golstein 1995).
FasL-transfected myoblasts survived and defended the trans-
planted islets when co-transplanted with islets after being
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Fig.3 Effect of SCs transplant on the expression of the caspase-3
in hippocampus, and analyze of caspase-3 expression in different
groups. An increase in caspase-3 expression relative to the control
group is clearly detectable in the PTZ one. Caspase-3 expression

transfected with FasL mRNA (Lau et al. 1996). However,
a study demonstrated that SCs from gld mice, which lack
FasL, did not survive following transplantation under the
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reduced significantly in PTZ+ Sertoli cells rats compared to PTZ
ones. (**P<0.01; ***P<0.001). The values were expressed as
means +SD

kidney capsule. By contrast, the result differed in SCs from
mouse models expressing FasL constitutively. When a FasL.
antibody was injected intraperitoneally, the defense, offered
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Fig.4 Effect of seizure and SCs grafted on the astrogliosis in hip-
pocampus of rats. a Immunohistochemical staining for astrocyte
marker (GFAP). As indicated in graph (b), SCs implantation reduced
the number of GFAP positive cells in PTZ+ Sertoli cells compared

by wild-type testicular tissue, was removed (Sanberg et al.
1997). Thus, the capacity of the Sertoli cell to confine immu-
nosuppression to the graft’s environment may be extremely
vital. It may eliminate the need for long-term immunosup-
pression, reducing this treatment’s health hazards, such as
neurotoxicity, hepatotoxicity, nephrotoxicity, and hyperten-
sion (Shaw et al. 1996; Willing et al. 1998).

Furthermore, our findings revealed improved long-term
and short-spatial memory after the injection of SCs into the
epileptic rats’ models. A study demonstrated that SCs could
produce neurotrophic substances, including GDNF and vas-
cular endothelial growth factor (VEGF) (Ahmadi et al. 2018).
The conditioned media, derived from SCs, facilitated neurite
outgrowth and prevented oxidative stress-related cell death.
The pro-inflammatory cytokines’ expression levels decreased
after SC grafting in a rat model of Huntington’s disease
(Ahmadi et al. 2018). VEGF was also suggested to promote
angiogenesis, facilitating neuroprotection (Duffy et al. 2004).

to the PTZ group. Two quantitative indicators of spatial distribution
of astrocytes, NND and regularity index were showed in (c¢) and (d),
respectively. (¥*P <0.05; **P<0.01; ***P <0.001). The values were
expressed as means +SD

In addition to VEGF’s protective role in the CNS, which
stimulates self-renewal, the survival of microglia and neu-
rons increased (Duffy et al. 2004). In another study, astrocyte
migration significantly decreased after transplanting SCs into
hippocampi that had been lesioned (Aliaghaei et al. 2019).
This result can be related to the SCs’ anti-inflammatory activ-
ity, mediated by specific cytokines and prostanoid molecules
(Doyle et al. 2012). It can be attributed to endogenous neural
stem cells, which facilitate the regeneration of a functional
neural network (Ebrahimi et al. 2018). In another way, trans-
planted SCs might trigger innate hippocampus neurogenesis
by secreting neurotrophic substances like GDNF.

Similarly, a study by Nivet et al. (Nivet et al. 2011) dem-
onstrated that grafting human olfactory ecto-mesenchymal
stem cells into damaged mouse hippocampi might induce
local neural stem cells to differentiate into neurons and
reduce learning and memory impairment. In another search,
Cui et al. (Cui et al. 2017) showed that intravenous human
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Fig.5 Sholl analysis findings. a The injection of PTZ reduced the
complexity of astrocyte processes while the SCs transplant prevented
it. b SCs graft increased the total astrocyte process length compared
to the PTZ group. ¢ Astrocyte soma size reduced in PTZ+ Sertoli
cells group compared to the PTZ one. d Transplant of SCs increased

umbilical cord mesenchymal stem cells improved cognitive
impairment by increasing hippocampus neurogenesis and
reducing oxidative stress in the Tg2576 CE mouse model.

@ Springer

astrocyte arbors area. e Total number of branches was increased in
PTZ+ Sertoli cells compared to the PTZ group. f Percentage of
primary, secondary and tertiary arbors of astrocyte in subjects.
(*P<0.05; ¥*¥*P<0.01; ***P<0.001). The values were expressed as
means +SD

Thus, SCs might improve memory by producing neuro-
trophic factors, which can help alleviate neuroinflammation
and prevent apoptosis within the hippocampus.
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Fig.6 The estimation of the number of hippocampal neurons.
b The effects of the SCs transplant on the number of the neurons
¢ and dark neurons. As shown in the graphs, although SCs trans-
plant significantly improved the number of the neurons and it was

Our immunohistochemical results against the GFAP
marker, an astrocytic marker, showed a decrease in the
amount of astrogliosis in the group receiving Sertoli cells
compared to the epilepsy group. Also, NND and regular-
ity index demonstrated a rise in rats that received Sertoli
cells compared to the epilepsy group. Neuroinflammation
is among the critical processes in the pathogenesis of epi-
lepsy. Microglia and astrocytes of the brain are activated
in response to several brain injuries, including persistent
seizure activity. Moreover, these cells start to produce pro-
inflammatory cytokines, and different adverse outcomes are
brought on by the inflammatory response to the assault, such
as long-term plastic alterations, altered neuronal excitability,
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failed to increase the number of dark neurons. Black arrows marked
healthy neurons and black triangle marked dark neurons (*P <0.05;
**P<0.01; *#**P <0.001). The values were expressed as means + SD

dysfunctional astrocytes, impaired blood-brain barrier per-
meability, and neurodegeneration. These outcomes poten-
tially play a role in the emergence of chronic spontaneous
seizures (Suleymanova 2021). Previous studies reported
astrogliosis in the pathogenesis of epilepsy and seizure
aggravation (Fedele et al. 2005; Dariani et al. 2013; Becker
2018). They demonstrated that GDNF, the neurotrophic fac-
tor produced by SCs, could alleviate astrogliosis (Iannotti
et al. 2003; Deng et al. 2011).

In addition, our immunohistochemical analysis of the
caspase-3 marker revealed that the injection of SCs pre-
vented apoptosis in the hippocampus of epilepsy model
rats. Furthermore, our stereological analysis of hippocampal
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«Fig.7 Voronoi analysis. a A micrograph of cells and schematic
of Voronoi tessellation in the hippocampus of study groups.
b Mean =+ Standard deviation of Voronoi polygon area (%) and
¢ Coefficient of Variation (CV) within the pyramidal layer of hip-
pocampus. (¥*P<0.05; **P<0.01; ***P<0.001). The values were
expressed as means +SD

pyramidal layer neuron counts displayed prevention of
pyramidal neuron death in the SCs receiving group com-
pared to the epilepsy group. In a previous investigation, rats
injected with AP1- 42) showed decreased expression lev-
els of cleaved caspase 3 after cell implantation (Aliaghaei
et al. 2019). Consistently, a study by Aslani et al. presented
caspase 3 inactivation and elevated gene expression levels
for BCL2 family members in SCs exposed to cytotoxic sub-
stances (Aslani et al. 2017). Similarly, it was discovered that
SCs produced additional complement and apoptosis inhibi-
tors such as protease inhibitor-9 and serpina3n (Mital et al.
2010). Therefore, it would seem that these cells might con-
trol cell death pathways by creating an immune-privileged
microenvironment within engraftment sites.

In the current paper, examining the effects of astrocyte
morphology with Sholl software showed that the injection of
SCs transformed the morphology of astrocytes into resting
astrocytes. A change in astrocyte morphology to a reactive
state was evident in the epilepsy group. These active astro-
cytes can cause the release of inflammatory factors and the
death of neural cells. Also, the injection of SCs caused the
transformation of active astrocytes into resting astrocytes.
Alterations in morphology, transcription, and function were
all astrocyte reactivity parts. As hypertrophy was an essen-
tial characteristic of astrocyte reactivity, cell body and pro-
cesses were expanded in reactive astrocytes (Wilhelmsson
et al. 2006). The primary processes changed in number or
became polarized toward the injury site since astrocyte
arborization was rearranged with reactivity (Wilhelmsson
et al. 2006; Bardehle et al. 2013). In this regard, Lannotti
et al. discovered that GDNF reduced astroglial reactivity and
altered the morphological characteristics of reactive astro-
cytes (Iannotti et al. 2003). Concerning morphology, Deng
et al. represented that GDNF treatment decreased astrocyte
hypertrophy, which caused these cells to have elongated
processes, as seen in vivo. Furthermore, in vivo and in vitro
GDNEF therapy significantly diminished the production of
chondroitin sulfate proteoglycans (CSPGs) and GFAP, two
markers of astrogliosis (Deng et al. 2011).

Moreover, we showed that the injection of SCs prevented
changes in the spatial arrangement of neurons in the pyrami-
dal layer. Neuronal density, volume variations, and how the
cells are arranged spatially in different brain regions are essen-
tial for connection formation, function, and development. This
represented how the brain’s connectivity and assembly of the

neurons were accomplished (Linker et al. 2011; Keeley et al.
2020). Recent studies suggested several diseases or situa-
tions affecting development may alter the cells’ spatial dis-
tribution and density (Duyckaerts and Godefroy 2000; Thom
et al. 2009). For example, cerebral ischemia changed the CA1
pyramidal spatial arrangement of neurons in the hippocampus,
transforming it into a random pattern (Sarkala et al. 2019). In
concordance with our result, a previous study demonstrated
that SCs transplantation did not change the spatial arrange-
ment of Purkinje cells (Mohammadi et al. 2018).

A study by Shamekh et al. (Shamekh et al. 2008) on Par-
kinson’s disease investigated whether SC pre-conditioned
medium could promote the differentiation of the 796 MB
cell line into a dopaminergic phenotype. According to the
results, secretory products produced from SC-conditioned
media boosted the 796RMB cell line’s cell proliferation and
dopaminergic neuronal development. They resulted that
SC pre-conditioned medium has a mitogenic effect on the
796RMB cell line during cell proliferation, SC pre-condi-
tioned medium has a selective effect on the 796RMB cell
line during neuronal differentiation, and SC pre-conditioned
medium increases the percentage of dopaminergic neurons
in those 796RMB cells committed to a neuronal phenotype
during differentiation.

In addition, the number of dark neurons in the cell recipi-
ent group was less than in the epilepsy group in our study.
Unprogrammed inhibition of a phase transition among
structures—Ilikely the transformation of hyaloplasm from
a sol to a gel—led to the emergence of dark neurons, which
might be reversible or irreversible. This process caused cell
death through a mechanism apart from apoptosis or necrosis
(Gallyas et al. 2006; Gallyas 2007; Zimatkin 2018). Accord-
ing to microscopic findings in animal studies, “dark” neu-
rons produced in epilepsy models (Atillo et al. 1983) or a
significant amount of metabolic or physical noxae were able
to recover (Csordas et al. 2003). Therefore, SCs transplanta-
tion can inhibit cell death.

Conclusion

The SCs transplantation in epileptic rat models could cause
neuroprotective effects, mainly through the production of
neurotrophic factors by SCs. Generally, SCs transplantation
resulted in memory improvement and inhibition of neuro-
inflammation and astrogliosis within the epileptic rat mod-
els. Also, a lower rate of graft rejection was demonstrated
using SCs, mainly through the expression of FasL. These
results showed that SCs could potentially be used in the
co-transplantation setting. Further research is required to
comprehensively find out the positive and negative features
of SCs transplantation.
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