
Sertoli Cells Avert Neuroinflammation-Induced Cell Death and Improve
Motor Function and Striatal Atrophy in Rat Model of Huntington Disease

Houssein Ahmadi1 &Mahdi Eskandarian Boroujeni2 & Yousef Sadeghi1 &MohammadAmin Abdollahifar1 &

Fariba Khodagholi3 & Gholam Houssein Meftahi4 & Mohammadmehdi Hadipour4 & Amir-Hossein Bayat5 &

Fatemeh Shaerzadeh6
& Abbas Aliaghaei1

Received: 20 February 2018 /Accepted: 27 March 2018 /Published online: 21 April 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Huntington’s disease (HD) is a genetically heritable disorder, linked with continuing cell loss and degeneration mostly in the
striatum. Currently, cell therapy approaches in HD have essentially been focused on replenishing or shielding cells lost over the
period of the disease. Herein, we sought to explore the in vitro and in vivo efficacy of primary rat Sertoli cells (SCs) and their
paracrine effect against oxidative stress with emphasis on HD. Initially, SCs were isolated and immunophenotypically charac-
terized by positive expression of GATA4. Besides, synthesis of neurotrophic factors of glial cell-derived neurotrophic factor and
VEGF by SCs were proved. Next, PC12 cells were exposed to hydrogen peroxide in the presence of conditioned media (CM)
collected from SC (SC-CM) and cell viability and neuritogenesis were determined. Bilateral striatal implantation of SC in 3-
nitropropionic acid (3-NP)-lesioned rat models was performed, and 1 month later, post-graft analysis was done. According to our
in vitro results, the CM of SC protected PC12 cells against oxidative stress and remarkably augmented cell viability and neurite
outgrowth. Moreover, grafted SCs survived, exhibited decreases in both gliosis and inflammatory cytokine levels, and amelio-
rated motor coordination and muscle activity, together with an increase in striatal volume as well as in dendritic length of the
striatum in HD rats. In conclusion, our results indicate that SCs provide a supportive environment, with potential therapeutic
benefits aimed at HD.
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Introduction

Huntington’s disease (HD) is a heritable disorder, genetically
instigated by insertion mutation of huntingtin gene (Htt), linked
with continuing cell loss and degeneration mostly in the striatum
and neocortex (Bates et al. 2014; Leegwater-Kim and Cha 2004;
MacDonald et al. 1993). Currently, cell therapy approaches in
HD have essentially been focused on replenishing or shielding
cells lost over the period of the disease (Clelland et al. 2008).
Sertoli cells (SCs) as the nurturing cells are located within sem-
iniferous tubules of the testis and provide an immunoprivileged
milieu for the growing spermatogonia. SCs have been demon-
strated to locally immunoprotect co-implanted cells (Shamekh
et al. 2006; Korbutt et al. 1997; Sanberg et al. 1996; Suarez-
Pinzon et al. 2000; Yang et al. 2002; Willing et al. 1999a), im-
prove cell proliferation and neuronal induction (Shamekh et al.
2008; Hemendinger et al. 2005), and survive for prolonged pe-
riods of time once grafted (Dufour et al. 2008). Prior works have
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implemented isolated SCs for the remedy of diseases in animal
models, namely diabetes and Parkinson’s disease (PD) (Suarez-
Pinzon et al. 2000; Willing et al. 1999a). Moreover, SCs are
capable of secretion of plenty of immunoregulatory and trophic
factors including Fas (CD95) ligand (FasL), transforming growth
factors (TGF-α and TGF-β), interleukin 1α (IL-1α) and inter-
leukin 6 (IL-6), platelet-derived growth factor (PDGF), and
neurturin (NTN) (Piccirillo et al. 1998; Griswold 1993; Skinner
1993; Gnessi et al. 1995; French et al. 1996; Widenfalk et al.
1997; Cudicini et al. 1997; Sanberg et al. 1997b; O’Bryan et al.
2005). Regarding the central nervous system, SCs grafted into
the brain and spinal cord could deliver compounds with trophic
and anti-inflammatory effects on the neighboring environment
(Borlongan et al. 1997).

Past study has shown that SC transplants were able to re-
verse locomotor anomalies in a 3-nitropropionic acid (3-NP)
model of early HD. Besides, there is growing evidence to
imply that injection of growth factors prior or just after the
promotion of denervation in animal models could abate neu-
ronal atrophy (Rodriguez et al. 2003; Emerich 2003). The
current study was designed to investigate the in vitro and
in vivo efficacy of primary rat SCs and their paracrine effect
against oxidative stress with emphasis on HD.

Materials and Methods

Isolation and Culture of Sertoli Cells

Under approval by 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 albuginea was removed from
the individual testis, and the tissue was sequentially digested
first with trypsin (0.25%) for 15 min and then with collagenase
(0.1%) for 15 min at 37 °C. Afterwards, fetal bovine serum
(FBS) was added, and after 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 in order to discard the debris and red blood cells.
For collecting the conditioned media of SC (SC-CM), SC was
cultured in serum-free medium. After 48 h, medium was col-
lected, filtered, and kept at − 20 °C for future uses.

Immunocytofluorescence

Sertoli cells were cultured in a 24-well plate and fixed by 4%
paraformaldehyde (PFA). After washing with PBS, cells were
permeabilized with Triton Χ-100. Then, cells were incubated
with goat normal serum followed by an overnight incubation
with the primary antibody against GATA4 at 4 °C. The fluo-
rescent secondary antibody was 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).

PC12 Cell Culture and Treatment

PC12 cells were obtained from the Institute of Pasture (Iran,
Tehran). The cells were cultured in DMEM/F12 media sup-
plemented with 10% FBS and penicillin and streptomycin
(1%). Then, PC12 cells were treated with SC-CM (4:1 ratio
of SC-CM to DMEM/F12 medium) and simultaneously ex-
posed to H2O2 (150 μM) for 24 h.

Examination of PC12 Cell Morphology

PC12 cells were seeded in six-well plates. For morphological
analysis, random images were acquired from each well, taking
20 images per well. A minimum of 50 cells per treatment was
quantified. After co-administration of SC-CM and H2O2,
neurite length was assessed. Neurite length was defined as
the sum of lengths of all primary branches and their associated
twigs. Data analysis was done by using the Cell^A program.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide Assay

PC12 cells were cultured in a 96-well plate. After treatment,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was added to each well and incubated for 4 h.
Then, the supernatant was removed and dark blue crystal of
formazan was dissolved in dimethyl sulfoxide. Absorption of
the suspension was read at 630 nm, and the measurements
were reported as a percentage of control.

Cell Viability Assay

Living and dead cells were distinguished using the Eukolight™
viability/cytotoxicity assay (Molecular Probes). Culture medi-
um was replaced with 2 mM calcein acetoxymethyl ester and
4 mM ethidium homodimer-1. Viable (green fluorescent by
calcein) and non-viable (red fluorescent by ethidium) PC12
cells present in 10–20 randommicroscopic fields per condition
per experiment were recorded.

3-NP Toxicity Model

Thirty male Sprague Dawley rats (200–220 g body weight at
the beginning of the study) were used. Rats were housed at
22 °C, under 12 h light/12 h dark conditions with ad libitum
access to food and water. Besides, after post cell transplanta-
tion and post electromyography, an analgesic (buprenorphine
hydrochloride, 0.1 ml of 0.3 mg/ml) was subcutaneously
injected. Twenty rats were randomly assigned into two groups
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that were treated with 3-NP during 5 days, and 10 control rats
were given vehicle (phosphate-buffered saline, PBS). In the 3-
NP groups, all animals received intraperitoneal (i.p.) 3-NP
(30 mg/kg) injections once daily for five consecutive days.

SC Transplantation

Bilateral cell transplantation was performed 7 days after the be-
ginning of 3-NP administration. The animals were assigned to
one of three experimental groups: control or intact groups (n =
10), 3-NP + vehicle (n= 10), and Sertoli cells + 3-NP (250,000
cells; n = 10). The SCwasmaintained alive in suspension using a
2-μl DMEM aliquot, stored on ice during the surgery procedure.
After being anesthetized (i.p.) with xylazine (10 mg/kg) and
ketamine (75 mg/kg), the animals were bilaterally transplanted
with SC in each striatum labeled with Hoechst 33258 (5 μg/ml)
using a 5-μl Hamilton microsyringe placed at the following co-
ordinates, relative to the bregma: + 0.5 mm AP, ±2.6 mm ML,
and − 6 and − 5 mm DV. SC was transplanted in the part of the
striatum (medio-posterior part) which was devoid of 3-NP-
induced cell loss, in order to maximize graft survival. In the 3-
NP group, rats received media as vehicle. Rats were sacrificed at
30 days post transplantation.

Rotarod Test

A behavioral test was performed 1 day before the injection of
3-NP, and at the 1st, 2nd, 3rd, and 4th week after the cell
transplantation. Rats were placed on the accelerating cylinder
at speeds increasing from 4 to 40 rpm over a 5-min test ses-
sion. The test was stopped if the animal fell off the rungs or
gripped the device and spun around for two consecutive rev-
olutions without attempting to run. The maximum time that
each animal remained on the device was recorded.

Electromyography

Animals were placed under general anesthesia via intraperitoneal
injection of ketamine hydrochloride (60 mg/kg) and xylazine
(8 mg/k). After that, the right hind limb of animal was shaved
and cleaned with a Betadine solution. A 3-cm skin incision was
made longitudinally on the posterior aspect of each thigh, from
the greater trochanter to the knee. Then, dissectionwas performed
between the gluteus maximus and biceps femoris muscles, and
the sciatic nerve was exposed, along with the gastrocnemius
muscle. With appearance of the sciatic nerve using forceps and,
cautiously, in order to avoid damage to the nerve, it is separated
from the surrounding connective tissue inwhich stimulation elec-
trodes could able to pass under the sciatic nerve. For electrical
stimulation, two monopolar subdermal Teflon needle electrodes
were used, arranged in parallel at a fixed distance of 7 mm from
each other. The recording electrodes had an insulating coating
over, leaving the distal uncoated. The sciatic nerve was then

stimulated (1 A, 0.2 Hz frequency, 100 s long), and the com-
poundmuscle action potential was recorded in the gastrocnemius
muscle on the side ipsilateral to the stimulation. The compound
muscle action potential parameters analyzed were amplitude and
latency. Also during stimulation and recording, ringer solution
was used in order to prevent drying of the nerve.

Western Blot

The animals were killed, their brains were removed, and the
striatum was extracted. Tissues were lysed by tissue lysis buffer.
To determine the protein concentration in the samples, the
Bradford test was performed. Twenty micrograms of protein
was loaded on 12%SDS-PAGEgel and electrophoresis followed
by transfer onto PVDF. Then, blotswere incubatedwith blocking
solution followed by incubation with primary antibody against
caspase-3 overnight. After being washed, blots were incubated
with secondary antibody and, finally, immunoreactivity of poly-
peptides was detected using ECL solution. The absorbance of
resulting bands was quantified by densitometry using ImageJ
software. For detection of neurotrophic factors of glial cell-
derived neurotrophic factor (GDNF) and VEGF, SC was lysed
in lysis buffer containing a protease inhibitor and the
abovementioned procedure was performed.

Immunohistochemistry

Rats were deeply anesthetized by chloral hydrate and perfused
transcardially using chilled saline followed by a fixative
consisting of 4% paraformaldehyde in 0.1 M PBS. Then,
brains were placed in formalin, prepared, and placed on slides.
The primary antibody was diluted with PBS containing 0.3%
Triton X-100 and 1% bovine serum albumin (BSA). Sections
were incubated in primary antibodies against GFAP (1:300)
overnight in 4 °C. Sections were then incubated with the av-
idin–biotin complex substrate and treated with 0.05% 3,3-di-
aminobenzidine tetrahydrochloride and 0.03% hydrogen per-
oxide in 0.05m Tris buffer (pH 7.6). After immunohistochem-
ical reaction, sections were mounted, counterstained, and ob-
served under a light microscope.

Estimation of the Striatum Volume

The rat’s brain tissue samples were fixed in 10% formalin for
1 week. Following tissue processing, serial coronal sections of
10 μm thickness were prepared and stained with cresyl violet
(0.1%). To measure the total volume of the striatum using
Cavalieri’s principle, the following formula was used:

V striatumð Þ ¼ ∑P � a=p� t
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Estimation of Total Length of Dendrite

The length of dendrite was estimated using the oriented cy-
cloid. The striatum was cut into systematic uniform random
sectioning. They were embedded in a paraffin block, sectioned
(60 μm thickness), and stained with 1% silver nitrate. Mean
dendritic length was calculated using the following formula:

In ¼ Total dendritic length
Total number of neurons

To measure the length, a vertical section was considered. A
cycloid grid and a counting frame were superimposed on the
live images of the striatum. Using a microscope (Nikon
E-200) equipped with an objective lens connected to a com-
puter, the dendrite length per neuron was assessed; two values
were measured: (i) the number (Q) of cell bodies of the neu-
rons using the optical disector method and (ii) the total number
of intersections (I) between the dendrite axes and the oriented
cycloid. The following formula was used:

In ¼ 2� a
l
� 1

asf
�M−1 � ∑Q

∑I

where al is the test area per cycloid test length, asf is the area
associated with the cycloid grid divided by the area of the
counting frame, and M is the final magnification.

RNA Extraction and Complementary DNA Synthesis

Total RNAwas extracted using High Pure RNA Isolation Kit,
according to the manufacturer’s instructions (Roche, Basel,
Switzerland). Then, 1 μg of total RNA was transcribed to
cDNA using murine leukemia virus (MuLV) reverse tran-
scriptase (Fermentas, Lithuania) in the presence of random
hexamers and RNase inhibitor.

Quantitative Real-Time PCR

Real-time quantitative PCR (qPCR) analysis was conducted
using specific primers for interleukin 1 beta (IL-1β) and tumor
necrosis factor alpha (TNF-α) genes. GAPDH was used as
internal control (Table 1). Reactions were performed using
SYBR® Premix Ex Taq™ II (Takara Bio, Inc.) on a Rotor-
Gene™ 6000 real-time PCR machine (Corbett Research,
Qiagen, Germany). Initial denaturation was performed at
95 °C for 15 min followed by 40 cycles of denaturation at
95 °C for 5 s, under primer-specific conditions (Table 1), and
extension at 60 °C for 20 s. Comparative real-time qPCR quan-
titation was conducted between candidate groups using
Relative Expression Software Tool (REST) 2009 (Qiagen).

Data Analysis

All data are represented as the mean ± SEM. Comparison be-
tween groups was made by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test to
analyze the difference. The statistical significances were
achieved when P < 0.05.

Results

SC Exhibited Fibroblast-Like Morphology
and Expressed Neurotrophic Factors of GDNF
and VEGF

One week after SCs were cultured, fibroblast-like cells ap-
peared in culture dishes. The cells grew rapidly and covered
the surface (Fig. 1a). Immunocytochemistry analysis indicated
that SC was immunopositive for GATA4 (Fig. 1b). To exam-
ine their ability for production of neurotrophic factors GDNF
andVEGF, we detected these factors bywestern blot. Our data
revealed that SC could express GDNF and VEGF (Fig. 1c).

SC-CMPrecluded the Disruption of Neurite Outgrowth
Induced by H2O2

In the next step, we evaluated neurite outgrowth in PC12 cells
treated with SC-CM and H2O2 simultaneously after 24 h
(Fig. 2a, b). Accordingly, neurite length in the group that received
H2O2 and SC-CM was 1.51-fold higher than H2O2-treated cells.

SC-CM Protected PC12 Cells Against H2O2-Induced
Cell Death

To assess the effect of SC-CM on the survival of PC12 cells, live
and dead assay was performed. The dead cells (red fluorescent)
and live PC12 cells (green fluorescent) under oxidative stress are
shown in Fig. 3a. Viability of cells treated with SC-CM and
H2O2 was determined by the MTT assay. As displayed in
Fig. 3b, MTT assay revealed that cell viability 24 h after the
presence of SC-CM and H2O2 increased significantly compared
to the cells incubated only with H2O2 (Fig. 3b).

Transplantation of SC in Rats Pre-treated with 3-NP
Augmented Motor Coordination and Muscle Activity

To evaluate whether the transplantation of SC in the rat striatum
improved the coordination of movement after injection of 3-NP
and vehicle, the rotarod test was performed. Motor coordination
was significantly decreased in the 3-NP-receiving vehicle group
in comparison with the control group. However, after transplant
of SC, motor coordination of the SC+ 3-NP group was consid-
erably higher than that of the 3-NP-receiving vehicle animals.
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Following the injection of SC, the coordination of movement
enhanced over the 4-week period (P < 0.05) (Fig. 4).

To measure the efficacy of SC transplantation on muscle
activity, the electromyography (EMG) was performed
(Fig. 5a). Latency demonstrated an increase in the 3-NP-
receiving vehicle group in contrast to the control group.
Following grafting of SC, latency declined in the SC + 3-NP
compared with the 3-NP group (Fig. 5b).

Transplant of SC in the 3-NP Group Decreased
Apoptosis

After transplant of SC in 3-NP-injected rats, western blotting
analysis unveiled that cleaved caspase-3 in the 3-NP-injected
rats was 3.67-fold higher than that in the control group.
Nonetheless, cleavage of caspase-3 in the group which re-
ceived SC was approximately 1.4 times lower compared to
that in 3-NP-injected ones (Fig. 6a, b).

SC Implantation in Rats with 3-NP Boosted the Total
Length of Dendrite

Following the injection of SC into the striatum of rats, our
results confirmed that these cells survived in the brain after

30 days (Fig. 7a, b). Besides, silver staining of striatal medium
spiny neuron (MSN) illustrated that the striatum of the SC + 3-
NP group had higher dendritic length contrary to the 3-NP
group (P < 0.05) (Fig. 8a, b).

Grafted SC in 3-NP-Lesioned Rats Declined Gliosis

For detection of astrocyte migration (gliosis), immunohisto-
chemistry against GFAP was done. Migration of astrocytes in
the 3-NP group was statistically higher than that in the control.
In the group receiving SC, the number of astrocytes exhibited
a significant drop compared with the 3-NP group (Fig. 9a, b).

Transplantation of SC Improved Striatal Volume in HD
Rats

Our stereological analysis showed grafted SC attenuated the
atrophy of striatal volume. The results disclosed that the vol-
ume of the striatum was decreased in the 3-NP group in com-
parison to the control group (P < 0.001). But, striatal volume
showed an increase in the SC + 3-NP contrary to the 3-NP
lesioned group (P < 0.01) (Fig. 10a, b).

Fig. 1 Culture expansion and
in vitro characterization of SC. a
Fibroblast-like morphology of SC
after 1 week of isolation. Scale
bar = 200 μm. b
Immunocytochemical staining in-
dicated that SCs were
immunopositive for GATA4.
Cells counterstained with Hoechst
33342. c Western blot analysis
revealed the synthesis of neuro-
trophic factors of GDNF and
VEGF by SC.β-Actin is used as a
control

Table 1 Quantitative real-time
PCR primers list Primer name Sequence Annealing Accession

GAPDH F GAACATCATCCCTGCATCCA 60 °C × 25 s NM_017008.4
R GCCAGTGAGCTTCCCGTTCA

IL-1β F AAAGAAGAAGATGGAAAAGCGGTT 60 °C × 25 s NM_031512.2
R GGGAACTGTGCAGACTCAAACTC

TNF-α F ACCACGCTCTTCTGTCTACTG 60 °C × 25 s NM_012675.3
R CTTGGTGGTTTGCTACGAC
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SC Implantation Diminished the Expression
of Inflammatory Cytokines

The expression levels of genes related to inflammatory
cytokines (TNF-α, IL-1β) were determined in the striatum
30 days after SC transplantation. The real-time qPCR

results displayed that upregulation of inflammatory cyto-
kines in the striatum was higher in the 3-NP + vehicle
group in comparison to the control (P < 0.001). However,
the expression level of TNF-α and IL-1β dropped notice-
ably in the SC + 3-NP group compared to the 3-NP + ve-
hicle group (Fig. 11).

Fig. 2 Examination of PC12
neuritogenesis under oxidative
stress. a, b Incubation of H2O2-
treated PC12 cells with SC-CM
for 24 h significantly decreased
neurite outgrowth perturbation.
Magnification: × 10.
###P < 0.001, representing the
difference between the H2O2-
treated group and control;
*P < 0.05, showing the difference
between the SC-CM-treated
H2O2 and H2O2 groups. The
values are expressed as
means ± SEM (n = 5)

Fig. 3 The neuroprotective effect
of conditioned media of SC (SC-
CM). a PC12 cells were exposed
to superoxide-induced oxidative
stress, incubated with SC-CM for
24 h, then the number of live and
dead cells (green and red fluores-
cents, respectively) was counted.
b Viability of H2O2-treated PC12
cells in the presence of SC-CM
measured by MTT assay, indicat-
ing the neuroprotection of PC12
cells under oxidative stress by
SC-CM treatment. Scale
bar = 10 μm. ###P < 0.001, ex-
emplifying the difference be-
tween the H2O2-treated group and
control; ***P < 0.001, showing
the difference between the SC-
CM-treated H2O2 and H2O2

group. The values are expressed
as means ± SEM (n = 5)
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Discussion

This study assessed the restorative effects of SC and SC-CM
on the 3-NP model of HD and PC12 cell line, respectively.
According to our findings, the CM of GATA4-positive SC
hindered H2O2-induced PC12 cell death and also grafted SC
augmented both motor function impairment and striatal atro-
phy linked with HD.

Cell transplantation therapy provides a promising ap-
proach for neurodegenerative diseases, and cell candidates
with immunosuppression and trophic properties along with
no ethical concerns are highly demanded, which aimed at
implantation purposes (Boroujeni and Gardaneh 2017).
Previous report showed the behavioral recovery of parkinso-
nian rats due to the trophic capabilities of single SC trans-
plantation (Sanberg et al. 1997a; Borlongan et al. 1997). In
our investigation, we used the 3-NP chemical model since
firstly, this neurotoxin could appropriately present various

Fig. 5 Muscle activity in rats pre-treated with 3-NP. a The sciatic nerve
was stimulated, and the muscle action potential was recorded in the gas-
trocnemius muscle. b Latency was measured in the control, 3-NP, and
SC + 3-NP groups. Transplanted SC improved muscle activity in rats pre-
treated with 3-NP. Latency showed a significant reduction in the SC + 3-
NP group contrary to the 3-NP group. #P < 0.05, representing the differ-
ence between the 3-NP group and control; *P < 0.05, pointing to the
difference between the SC + 3-NP group and 3-NP group. The values
are expressed as means ± SEM (n = 5)

Fig. 6 Western blot analysis to evaluate the effect of transplanted SC on
the expression level of an apoptotic marker caspase-3 in 3-NP-injected
rats. a Western blots for cleaved caspase-3 are shown. Equal amounts of
total proteins were separated by SDS-PAGE, and blots were probed with
anti-caspase-3 and anti-β-actin antibody. The results showed high expres-
sion of cleaved caspase-3 in 3-NP-injected rats. b The densities of cleaved
caspase-3 bands were measured, and their ratios to β-actin bands were
calculated. ###P < 0.001, indicating the difference between the 3-NP-
injected group and control; ***P < 0.001, showing the difference be-
tween the SC + 3-NP group and 3-NP group

Fig. 4 Rotarod test in rats pre-treated with 3-NP. The SC + 3-NP group
exhibited better rotarod performance compared to the 3-NP group.
#P < 0.05 and ##P < 0.01, representing the difference between the 3-NP
group and control; *P < 0.05 and **P < 0.01, pointing to the difference
between the SC + 3-NP group and 3-NP group. The values are expressed
as means ± SEM (n = 5)

Fig. 7 Examination of striatal transplantation of SC. a Hoechst/DiI-
labeled SC implanted in the striatum of 3-NP-lesioned rats survived after
30 days. Magnification: × 10. b Higher magnification of a

J Mol Neurosci (2018) 65:17–27 23



stages of HD through maneuvering time course of 3-NP
(Borlongan et al. 1995), and secondly, it implemented its
neurotoxicity by stimulation of oxidative stress in the

striatum, followed by excessive reactive oxygen species
(ROS) generation (Kumar et al. 2010), therefore facilitating
the comparison of our in vitro and in vivo findings.
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Fig. 9 Astrocytic migration
(gliosis). a
Immunohistochemistry against
GFAP was done among various
groups. Magnification: × 40. b
Grafted SC in 3-NP-lesioned rats
declined gliosis. #P < 0.05, dem-
onstrating the difference between
the 3-NP group and control;
*P < 0.05, displaying the differ-
ence between the SC + 3-NP
group and 3-NP group. The
values are expressed as
means ± SEM (n = 5)

Fig. 8 The assessment of
dendritic length of the striatum. a
The silver staining of striatal
medium spiny neuron (MSN)
dendritic length in different
groups. Magnification: × 10. b
The striatum of the SC + 3-NP
group revealed higher dendritic
length compared with the 3-NP
group. ###P < 0.001, demonstrat-
ing the difference between the 3-
NP group and control; *P < 0.05,
displaying the difference between
the SC + 3-NP group and 3-NP
group. The values are expressed
as means ± SEM (n = 5)
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SCs possess the capability to release several immunomod-
ulators which may exert its impact after the transplantation in
the recipient especially in case of allo- or xenogeneic engraft-
ment (Chiappalupi et al. 2016). In an earlier report, SCs
prolonged the survival of co-transplanted cells without the
use of immunosuppressive drugs through decreasing
microglial activation (Sanberg et al. 1997a). Moreover, sever-
al lines of evidences indicated that SCs provided neuroprotec-
tion for co-transplanted neuronal or non-neuronal cells, ac-
companied by enhancing the proliferation rate (Willing et al.
1999a; Willing et al. 1999b). In addition, SCs ameliorated the
striatal atrophy in rodent models of Parkinson’s disease

(Emerich et al. 2003). This was in line with our lab observa-
tions that implanted SC improved striatal volume in HD rats.

We detected the expression of neurotrophic factors such as
GDNF and VEGF at the protein level in SC. Additionally, the
presence of GDNF in reproductive organs could indicate a
non-neuronal role for GDNF in these organs, perhaps in the
differentiation of early germ cell precursors and/or in the mat-
uration of accessory cells (Johnston et al. 2011). GDNF sup-
ports the survival and outgrowth of dopamine neurons follow-
ing transplantation (Johasson et al. 1995). Moreover, in a
pioneering investigation to verify the physiological trophic
role for GDNF, it had been shown the extensive expression
of GDNF messenger RNA (mRNA) in peripheral organs
(Trupp et al. 1995). Also, GDNF had been implicated in the
regulation of dopaminergic differentiation (Hynes and
Rosenthal 1999) and it was elucidated to be the most potent
neuroprotective agent on dopamine neurons in many model
systems (Lin et al. 1993; Rosenblad et al. 2000; Kirik et al.
2001). Previously, it was shown that SC secreted GDNF and
promoted the survival of grafted dopaminergic neurons.
Likewise, GDNF played a substantial role in dopaminergic
neuron differentiation when primate embryonic stem cells
were co-cultured with SC (Yue et al. 2006). Further, based
on an investigation, GDNF was not necessary for the induc-
tion of dopaminergic neurons (Buytaert-Hoefen et al. 2004).

Similar to our investigation, it was shown that caspase-3
was not activated in SC under apoptosis-inducing chemicals,
whereas high expression rates of anti-apoptotic BCL2 family
members were detected at both mRNA and protein levels
(Aslani et al. 2017). Furthermore, we found that upon implan-
tation of SC, the expression of pro-inflammatory cytokines
showed an evident decline. This event proved to be attributed
to the anti-inflammatory function of SC (Doyle et al. 2012).
Thus, it is likely that the supporting environment provided by
SC plays a vital role in regulating cell death pathways.

In conclusion, testis-derived SC, with immunoprivileged
capacities could be employed in co-implantation platforms
and/or using optimal gene delivery approaches, genetically
engineered to deliver the functional genes in neurodegenerative
diseases like HD (Mital et al. 2010; Boroujeni and Gardaneh
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Fig. 10 Stereological analysis of striatal volume. a A grid of points was
superimposed on the image of hematoxylin and eosin (H&E)-stained
brain section in order to calculate the striatal volume. Magnification: ×
4. b The volume of the striatum in the SC + 3-NP group showed an
increase opposed to that in the 3-NP group. ###P < 0.001, demonstrating
the difference between the 3-NP group and control; **P < 0.01,
displaying the difference between the SC + 3-NP group and 3-NP group.
The values are expressed as means ± SEM (n = 5)

Fig. 11 Transplant of SC declined the gene expression of inflammatory
cytokines (TNF, IL-1β) as shown by real-time quantitative PCR
(*P < 0.05); (***P < 0.001)
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2018). We demonstrated that intrastriatally transplanted SC
ameliorated degenerated striatum, reduced astrogliosis, and re-
stored the overall motor skills. Nonetheless, further examina-
tions regarding the immunoprotection of SC would pave the
way for cell therapy approaches in clinical setting.
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