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Abstract
Spermatogonia Stem Cells (SSCs) are potential candidates for reprogramming, therapeutic neuronal
repair, and regeneration. Recent studies have revealed that differentiated cells can be reverted to a
pluripotent state by overexpressing a set of pluripotent transcription factors. Oct4 (encoded by pou5f1), a
POU transcription factor family member, is essential to the potential that controls pluripotency, and it is
widely expressed in pluripotent stem cells, although it decreased or suppressed after differentiation. In
this investigated research, we examined the Oct4 Expression in vivo and in-vitro of SSCs, Embryonic Stem
Cell-like (ES-like), Embryonic Bodies (EBs), and Neurons by Immunocytochemistry (ICC),
Immunohistochemistry (IMH), and Fluidigm Real-Time polymerase chain reaction. In addition, We use
some databases like STRING to predict protein-protein interaction and enrichment analysis. We evaluated
the expression of Oct4 in this process, and we observed that it is expressed in SSCs, ES-like, and EBs
during the differentiation of spermatogonia stem cells into adult neurons. We show that by adding RA to
EBs, the Expression of Oct4 is reduced and is not expressed in the neuron cells. We observed that the
Expression of Oct4 is linked and interacts with the differentiation of spermatogonia stem cells into
neuron cells, and it has been shown to be biological functional like stem cell maintenance and somatic
cell reprogramming. Our �ndings can help us better understand the process of differentiation of
spermatogonia stem cells into neurons, and it can be effective in �nding new and more e�cient
treatments for neurogenesis and repair of neurons. Moreover, this study may comprehend the new Oct4
reprogramming method for clinical and therapeutic use.

Introduction
Due to the limited capability of the nervous system in neuronal repairers, stem cells therapy that
promotes neurogenesis and repair the wounded regions are proposed (Kahroba, Ramezani et al. 2021).
For this reason, the capacity of stem cells to develop into diverse lineages, pluripotent stem cell therapy is
a viable therapeutic method for the treatment of neurodegenerative disease (Bojnordi, Azizi et al. 2017,
Maher 2019). Several studies have shown that embryonic stem cell-derived neural can help therapy in
neural animal models (Strnadel, Carromeu et al. 2018). In addition, because of immunological and ethical
constraints, embryonic stem cells (ESCs) are not employed in therapeutic methods. As a result, it is
appropriate to seek a changeable safe cell source that may overcome these ethical and technological
constraints and enable autologous transplantation, reducing the possibility of immunological rejection
transplantation (Little, Ketteler et al. 2019). According to a new study, Embryonic Stem Cell-like (ES-like)
derived from the spermatogonial stem cells (SSCs) exhibit similar molecular and cellular pro�les to ESCs
and contained pluripotent stem cell properties. Some studies show that they can give rise to all three
germ layers in-vitro and in-vivo (Hall 2018, Shafa, Yang et al. 2018).

The initial experiments demonstrated that the production of brain cell types from mouse ESCs relied on
the formation of embryoid bodies (EBs) intermediates. ESC-derived EBs are comparable to
teratocarcinoma stem cell-derived embryoid entities (Katayama, Morii et al. 2018). The EBs resemble the
anterior prestreak stage embryo in this stage, with the epiblast-like core able to produce derivatives of all
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three primary germ layers. The embryoid body core maintains the ESC marker Oct4 and expresses the
primitive ectoderm marker FGF5 (Bojnordi, Azizi et al. 2017, Yang, Wu et al. 2017).

Combinations of pluripotent genes (Oct4, Sox2, Nanog, and cMyc) for reprogramming somatic or adult
stem cells or inducing pluripotent cell-speci�c factors have been reported to produce highly effective
results in pluripotent cell reprogramming (Zhang, Skamagki et al. 2017). Oct4 (encoded by Pou5f1), a
POU-family transcription factor, is a key pluripotency transcription factor and it is required for ES cells
self-renewal and conversion of differentiated cells to induced pluripotent stem cells (Li 2017). As a result,
it is widely understood that Oct4 expression levels determine the balance of differentiation and de-
differentiation. Maintaining Oct4 Expression within a speci�c range seems essential for stem cell
renewal, with any rise or reduction triggering three germ layers (Echigoya, Koyama et al. 2020, Zalc, Sinha
et al. 2021).

Pluripotent stem cells (PSCs) were produced using various methods, including ESCs collected from the
inner cell mass of an embryo (Azizi, Asgari et al. 2019). They were also obtained through the forced
expression of pluripotency genes in somatic cells, resulting in induced pluripotent stem cells (iPSCs);
SSCs are one of the promising methods for a more natural and ethically unproblematic establishment of
PSCs, particularly for therapeutic approaches in human medicine (Conrad, Azizi et al. 2016).
Spermatogonial stem cells (SSCs) are found in the testis in modest numbers, but they can be isolated
and grown in vitro. While they are unipotent stem cells under environmental control, particular culture
conditions outside the niche, and the absence of any exogenous pluripotency genes, they may convert to
ESC-like cells at different intervals following the start of the culture of Spermatogonial stem cells (Azizi,
Conrad et al. 2016, Azizi, Hamidabadi et al. 2019).

SSCs are well recognized to be unipotent stem cells that express both pluripotency and germ cell
markers. Under germ cell culture conditions, SCCs can spontaneously convert into pluripotent embryonic
stem (ES)-like cells (Bojnordi, Azizi et al. 2017). These pluripotent ES-like cells can then differentiate into
a wide range of cells lineages. Ko et al. performed the pluripotency induction in 5-7 weeks Oct-4-GFP-
positive adolescent SSCs (Azizi, Asgari et al. 2019). The author reported that the initial amount of plated
SSCs and the duration of the Oct4-positive cell culture period without splitting affect differentiation
induction. They carefully selected heterogonous Oct4-GFP-positive SSCs and revealed a link between a
speci�c number of SSCs and a culture time of 2-4 weeks for pluripotency induction. In another study, Ko
et al. (Kaushik and Bhartiya 2018) performed the pluripotency induction in 5-week- to 7-month-old Oct-4
GFP positive adult SSCs and detailed the induction's dependence on the initial quantity of plated SSCs
and the duration of culture period of Oct-4-positive cells without splitting. However, in the subsequently
published methodology for converting SSCs into pluripotent stem cells, this group primarily used SSCs
from mice at postnatal day 35. (5 weeks old) (Akamatsu, DeVeale et al. 2009, Yamashiro, Sasaki et al.
2018).

In the context of past �ndings demonstrating the pluripotency of ES-like cells derived from the
spermatogonial stem cells, the purpose of this research was to evaluate the differentiation capacity and
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changes in Oct-4 gene expression patterns during in vitro differentiation of spermatogonial stem cells
into neurons cells by adding Retinoic acid (RA) in the mouse embryonic bodies.

Materials And Methods
Testicular cell isolation:

Amol University of Special Modern Technologies, Amol, Iran, approved the protocols for animal care and
surgical intervention of adult mice in this study. Pasteur Institute (Iran) provided male mice (7 weeks old,
C57BL/6 mice). Phosphate-buffered saline with 2% BSA and 0.1 percent Triton X100 was used to collect
mouse testis. In Dulbecco's modi�ed Eagle's medium, the testis seminiferous tubules were minced into
minute pieces (DMEM, Invitrogen, USA). Enzymatic digestion solution containing Dispase (0.5 mg/ml)
(Sigma Aldrich, USA), collagenase IV (0.5 mg/ml) (Sigma Aldrich, USA), and DNase (0.5mg/ml) (Sigma
Aldrich, USA) in HBSS buffer with Ca2+ and Mg2+ (PAA, USA) was used to collect testicular cells at 37°C
for 10 minutes. The cell solution was then rinsed with DMEM/F12 (Invitrogen, USA), passed through a
70m mesh �lter, and centrifuged at 1500 rpm for 10 minutes. The isolated testicular cells were
maintained at 37 degrees Celsius in 5% CO2 in the air. Every three days, the culture media was
replaced (Azizi, Asgari et al. 2019).

Generation and culture of ES-Like cells from testis: 

As we previously stated, ES-like cells were generated from SSCs (Azizi, Asgari et al. 2019). Oct4 promoter-
reporter GFP transgenic mice from the C57BL/6 adult mouse strains were cultured in a mouse
spermatogonia stem cells culture medium. About 6 weeks after culture initiation, ES-like cells with a high
level of Oct4-GFP were generated and subcultured in an embryonic stem cells medium for growth (Azizi,
Conrad et al. 2016).

Formation of embryoid bodies from ES-like:  

In our study, 2–3   ES-like cells were grown in 10-cm2 bacterial-grade petri plates with low attachment. For
3–4 days, the EBs were formed spontaneously in suspension culture in a sterile bacterial petri dish
containing a DMEM with 15% fetal bovine serum (FBS), 1% NEAA solution, 1% L-glutamine, 1% Pen-Strep,
and 0.1 % -mercaptoethanol (Bojnordi, Azizi et al. 2017).

Differentiation of neurons from ES-Like cells:

Three stages of neuronal differentiation of ES-like cells were induced. As previously discussed, stage 1
was related to EB development (Bojnordi, Azizi et al. 2017). In stage 2, EBs were grown in suspension in
low-attachment 10-cm2 bacterial-grade petri plates with 1% L-glutamine, DMEM-F12, , 1% N2, 1% NEAA,
10 ng/ml bFGF, and 500 nM retinoic acid (RA) to generate neural progenitor cells. During the second
stage, the FBS concentration was lowered to 10% (days 1–2), 5% (days 3–4), and 3% (days 5–6).
Following that, about 10 days after the start of suspension culture, the EBs were plated (which were
coated with poly-L-ornithine) on 6- or 24-well tissue culture plates with neurobasal medium, 1% N2, 5%
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FBS, 1% NEAA, 1% L glutamine, and 2% B27 for an additional 10 days to allow the development of the
neuronal progenitor (Azizi, Skutella et al. 2017, Azizi, Hamidabadi et al. 2019).

Patch-Clamp Recording in neural cells cultures:

Type I and II cells were �xed as a pellet in PIPES with paraformaldehyde/ glutaraldehyde for electron
microscopy. The �xative was changed after 10 minutes. Pellets were then post-�xed for 40 minutes in
OsO4/potassium hexacyanoferrate, washed in uranyl acetate buffer and sodium maleate buffer (pH 6.0),
and block-stained with uranyl acetate. Following dehydration with increasing ethanol concentrations (5
min each, 4 x 20 min), the tissue was Epon-embedded (60 °C polymerizations, 36 h). A Zeiss EM10 was
used to examine ultrathin slices (50 nm) (Azizi, Skutella et al. 2017, Bojnordi, Azizi et al. 2017).

Fluidigm Dynamic Arrays for Gene Expression Analysis:

Quantity of the Oct4 gene expression (Mm03053917_g1) in SSCs, ES-like, EBs, Sertoli cells, and Mouse
Embryonic Fibroblasts (MEF, for control) was assayed by Fluidigm dynamic array chips. Glyceraldehyde-
3-phosphate dehydrogenase (Mm99999915_g1) was utilized as a housekeeping gene for normalization.
All cells were selected with a micromanipulator, lysed with a lysis buffer solution containing 1.3 μl TE
buffer, 9 μl RT-PreAmp Master Mix, 0.2 μl R.T./Taq Superscript III (Invitrogen, USA), 2.5 μl 0.2× assay pool,
and 5.0 μl Cells Direct 2× Reaction Mix (Invitrogen, USA). The targeted transcripts were quanti�ed using
TaqMan real-time PCR on the Biomark Real-Time quantitative PCR system (Fluidigm-PCR)(Azizi, Conrad
et al. 2016, Conrad, Azizi et al. 2016).

Immunocytochemical and immunohisto�uorescence staining:

The testicular cell was �xed with 4% paraformaldehyde and then permeably with 0.1% Triton/PBS. The
testicular cell was blocked with 1% BSA/PBS and incubation with primary antibody vimentin. Then, We
used secondary antibodies speci�c for incubation �uorochrome species, and the labeled cells were
nuclear-counterstained treatment with 0.2 μg/ml of 4', 6-diamidino-2-phenylindole (DAPI) dye. The
Labeled positive testicular cells were studied under confocal microscopy Zeiss LSM 700 (Germany), and
images were used a Zeiss LSM-TPMT camera (Germany).

In IMH staining, cells were washed with PBS and �xed in 4%paraformaldehyde. Dehydrated tissues were
located in Paraplast Plus and chop with a microtome device at 10 μm thickness. Testis tissues section
were mounted on Superfrost Plus slides and kept at 25°C until used. In the process of IMH staining,
samples were washed with xylene and gradually replaced with water in ethanol. For tissues, antigens
retrieval was performed by heat-induced epitope retrieval at 94˚C for 18 minutes. The non-speci�c binding
site of tissue samples was blocked with 10% serum and 0.3% Triton in PBS. As explained above, the
experiment of immuno�uorescence staining for these samples was continued.

Search strategy and data preparation for protein-protein interactions (PPI) network analysis:
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Gene databases (NCBI: https://www.ncbi.nlm.nih.gov/ gene/ and KEGG: https://www.genome.jp/
Kegg/genes/) were searched for gene-related datasets. (Spermatogonia stem cell), (ES-like cell),
(Embryonic bodies), (Neurons), and "Mus musculus" [porgn: __txid10090] were the keyword phrases. The
gene expression pro�le was then saved in an excel �le. In this section, P< 0.04 was used to select gene
interactions and clusters.

PPI network analysis:

STRING (Szklarczyk, Gable et al. 2019) (version 11.5) online tool was applied to predict protein-protein
biological and functional interactions (https://string-db.org/ ). The gene-related with a signi�cant role in
Oct4 (Pou5f1) were uploaded in the STRING online tool. The master regulator of Pou5f1, gene co-
expression, and signaling pathways were highlighted, To identify. The highlighted genes were imported to
Cytoscape (Doncheva, Morris et al. 2018) (version 3.9.0) for further analysis and protein-protein
interactions network visualization.

Gene set enrichment analysis:

To con�rm the biological roles of the genes involved in the PPI network of �rst co-expression nodes with
Oct4 (Pou5f1), we have performed functional gene enrichment analysis using the STRING enrichment
analysis in the Cytoscape software. 

Statistical analysis

The tests were performed at least three times. The average gene expression in each group was assessed,
and the experimental data were analyzed using a one-way analysis of variance (ANOVA) followed by
Tukey's post-hoc testing.

Ethical statement:

In this study, all animal experiments were approved (Approval ID: Ir.ausmt.rec.1398.03.07)   to the local
and international guidelines for the use of experimental animals and were approved by the ethics
committee of Amol University of Special Modern Technologies and all sections of this report adhere to
the ARRIVE Guidelines for reporting animal research.

Results
Oct4's expression in seminiferous tubules by immunohistochemical:

In this experiment, we �rst analyzed Oct4's Expression in the section of the mouse seminiferous tubules
by immunohistochemical (IMH). Oct4 was the high expression in spermatogonia stem cells located in the
basal compartment of seminiferous tubules (Fig.1 stage A and B). 

SSCs isolated and Oct4's Expression by immunocytochemical:

http://www.ncbi.nlm.nih.gov/
http://www.genome.jp/
https://string-db.org/
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Then, SSCs are isolated after enzyme digestion, and the cells isolated are cultured in the presence of
growth factors supporting SSC culture. Characterization of isolated SSCs was performed as described in
our previous study. We examined the Expression of Oct4 in SSCs populations by immunocytochemical
(ICC). Images obtained from the confocal scanning UV‐laser microscope in ICC analysis demonstrated
high Oct4 expression SSCs (Fig.1 stage C). 

ES-Like characteristics and formation of EBs:

In culture, ES-like colonies, which are compact colonies with sharp edges, formed(Fig.2 stage A). Their
phenotypic resembled that of ES colonies. After 3–4 days of culture on low attachment bacterial-grade
petri plates, EB structures were developed, which can be regarded as a distinct feature of pluripotent ES-
like cells (Fig.2 stage B and C).

Oct4 Gene expression analyses: 

Fluidigm real-time RT-PCR results showed high Expression of Oct4 mRNA in SSCs and low Expression in
Sertoli cells. In addition, the Oct4 Expression of ES-like cells and embryonic bodies is higher than SSCs
(Fig. 3). 

Electrophysiological dates of neurons:

We investigated the functioning of neuron-derived ES-like cells. The patch-clamp recording was used to
determine the functional status of induced neurons at the conclusion of the differentiation process (Fig. 4
stage A). We examined resting membrane and action potentials in 15 neuron-like cells. Following the
injection of depolarizing and hyperpolarizing currents, the membrane voltage was measured using the
current-clamp mode. The recorded resting membrane potential varied between 20 and 30 mV. Before
injecting currents, the voltage was set at 65 mV. We observed a single spike in the induced neurons but no
repeated spike �ring following the current injection. Spikes used to have a maximum amplitude of
roughly 40 mV (Fig. 4 stage B1). This study demonstrated that in vitro stimulation of ES-like cells results
in the formation of neurons, which mostly expressed neural markers and demonstrated preliminary
electrical properties of neurons. The �ring of repeated spikes stopped after pretreatment with TTX (1 M),
indicating the presence of sodium currents in neurons after the induction process (Fig. 4 stage B2).

Differentiation of neurons from ES-Like Cells:

After being exposed to in vitro neural inducers (Retinoic acid, RA), ES-like cells demonstrated the ability to
differentiate into neural cells. Neuron-like cells were seen 6 days after the initiation of neural induction,
and their numbers rapidly increased. Regardless of the fact that non-treated ES-like cells spontaneously
differentiated into neurons, just a few neuron cells were seen in this group. The results of real-time PCR
demonstrated the Expression of Nestin and PAX6 (neuroprogenitor markers) in differentiated cells during
stage 2 culture, indicating a considerable rise in gene expression level in undifferentiated ES-like cells
during the �rst stage (Fig. 5). With this procedure, signi�cant levels of expression of the neuronal genes
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MAP2, Tuj1, neuN, Tau were found in the cells after 10 days of treatment, demonstrating the ability of
neural precursors to differentiate into mature neurons.

However, the MAP2 gene was shown to be expressed at a low level in neural progenitors (Fig. 5 stage B).
Immunostaining demonstrated neurogenic differentiation for mature neuron markers. Tuj1 and Tau1
were among the mature neural markers expressed by multipolar neurons. In noninduced ES-like cells, the
expression of these proteins was undetectable (Fig. 5). The molecular results were supported by
immunocytochemistry labeling of the brain markers Tuj1 and Tau1. We looked for the expression of
mature neuron markers at the conclusion of the neural induction process for ES-like cells. Tuj1 and Tau1
antibodies were used to label cells grown on coverslips (Fig. 5 stage C and D). 

PPI visualization of Oct4: 

Protein-protein interactions network was visualized gen using STRING (v.11.5) database. It demonstrated
that there was a close relationship between interaction and regulated Oct4 (Pou5f1) in SSCs, ES-like, EBs,
and neurons. We observe a high interaction (co-expression) between Myc, Cdh1, Stat3, Ctnnb1, SOX2,
NANOG, GATA4, and Ezh1 with Oct4 (Pou5f1) in SSCs (Fig. 6 stage A). In addition, there was an
association between Pml, H3f3a, SOX2, NANOG, Ncor1, SOX17, Dnmt3a, and Ctnnb1 with Oct4 (Pou5f1)
in ES-like (Fig. 6 stage B). Furthermore, there was an association between SOX2, NANOG, Ctcf, Hdac1,
Trim28, and Ctnnb1 with Oct4 (Pou5f1) in EBs (Fig. 6 stage C). Moreover, there was an association
between H3f3a, Ehmt2, Ep300, Ctnnb1, and Esrrb with Oct4 (Pou5f1) in neurons (Fig. 6 stage D). There is
a strong correlation between the highlighted genes, as is clear (Fig. 6). All this PPI process was done by
Cytoscape software.

Functional enrichments in PPI network:

Enrichment analysis was carried out to recognize enriched biological processes and molecular functions
associated with Oct4 (Pou5f1) and its �rst co-expression proteins (Fig. 7). We selected some biological
processes based on the purpose of our experiment, including positive regulation of neural precursor cell
proliferation, positive regulation of stem cell proliferation, regulation of cell division, DNA binding,
Ubiquitin protein ligase binding, and miRNA binding (Fig. 7 A-D). 

Statistical Analysis:

The statistical analyses were carried out using the SPSS 16.0 program and the independent-sample
Student's t-test. P values were less than 0.05, indicating statistical signi�cance.

Discussion
The idea that the fundamental pluripotency factors Oct4 play a key role in maintaining cell pluripotency
and lineage speci�cation has caught the interest of stem cell researchers since it bridges the mechanistic
transition from a pluripotent stem cell to a lineage-speci�c cell type. We observed Oct4 was the high
Expression in SSCs located in the basal compartment of seminiferous tubules, and when we
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differentiation SSCs into ES-like cells, the Expression of Oct4 increases. During ES-like cells
differentiation into neurons, �rst ES-like cells differentiate into EBs, and by adding RA, they differentiate to
neurons. In this process,  we added RA to EBs, and we observed that the expression of oct4 was
decreased (Fig. 8). Some studies show that Oct4 Expression is con�ned to the germ cell lineage after
gastrulation (Zhang, Bell et al. 2019), and germ cell nuclear factor, an orphan nuclear receptor, suppresses
Oct4 Expression in the early neuroectoderm by GCNF (Lei, Tian et al. 2020, Ding, Lan et al. 2021). We
suggested that by reducing Oct4 Expression, neurons differentiate faster and better.

STRING database shows that Oct4 (pou5f1) is associated with pluripotent genes in the SSCs, ES-like, and
EBs stages and performs functions such as positive regulation of neural precursor cell proliferation,
positive regulation of stem cell proliferation, regulation of cell division, DNA binding, Ubiquitin protein
ligase binding, and miRNA binding. We suggest that by differentiating neuron cells from SSCs, the
function of Oct4 in neuronal and neuronal stem cells is suppressed. STRING and Cytoscape analysis
presented �ve genes, Oct4, GATA4, Ctnnb1, NANOG, and SOX2, as the hub genes involved in these
processes.

We demonstrated an in vitro differentiation process for the generation of functional neurons from mouse
SSCs. In this process, neuroprogenitor cells were generated from ES-like cells, which are capable of
generating functioning neurons, and then differentiated further. The electrophysiological evaluation data
indicated that the generated neurons functioned. Cell therapy successfully treats neurodegenerative
diseases and improves central nervous system functional recovery (Azizi, Conrad et al. 2016). Pluripotent
stem cells are the most excellent choice for this purpose due to their utility as a source of cell
transplantation. Many clinical constraints associated with embryonic stem cells, on the other hand,
suggest an alternative cell source for therapeutic methods. The potential of ESC to differentiate into
neural progenitors and functioning neurons has been widely described. However, due to immunological
and ethical constraints, human ESCs do not have therapeutic uses (Nogales, Prat et al. 2018, Azizi, Asgari
et al. 2019).

As a result, it is critical to establish an alternative safe cell population capable of overcoming ethical and
technological limitations. The results of this study suggested that SSCs, like ESCs, had the potential for
brain differentiation. After being exposed to neural inducers, ES-like cell colonies demonstrated neural
differentiation, including neuroprogenitors and mature neurons. The neuroprogenitor cells were generated
after culturing EBs in a medium supplemented with RA, N2, and FGF. Nestin and PAX6 markers were
revealed on neuroprogenitor cells, which are involved in neurogenesis throughout embryo development.
Furthermore, following incubation in a neurobasal medium enriched with NEAA, B27, and N2,
neuroprogenitor cells matured and developed. Our discovery backs up earlier �ndings on the generation
of neuroprogenitor cells from ESCs.

Furthermore, we observed that under the presence of NCAA, B27, and N2, neuroprogenitors could be
increased and expanded. This data is consistent with the �ndings of other researchers who reported the
formation of neural progenitors from ESCs in the presence of N2B27 media supplemented with growth
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factors. After being cultivated in a neurobasal media containing NEAA, B27, and N2, neuroprogenitor cells
grew and differentiated into neurons. According to immunocytochemistry labeling, the neuronal markers
Tuj1 and Tau1 were expressed in differentiated cells at the end of the differentiation phase. Similar data
investigating the differentiation potential of ESC development into mature neurons indicated the
expression of these mature neural markers. The electrophysiological observations of neuroprogenitor
cells cultured in the speci�ed culture after 10 days demonstrated the functional properties of neurons.

This research supports previous �ndings that ESCs can generate mature neurons (Bojnordi, Azizi et al.
2017). The expression of pluripotency, neuroprogenitor, and mature neuron markers was widely studied
throughout the neural development of ES-like cells. Although ES-like cells were shown to express several
pluripotency markers (Nanog, C-myc, Nestin), Neuro D markers were related to neuroprogenitor cells.
Neuroprogenitor cells were differentiated into a neuron phenotype based on morphology and high
expression levels of mature neuronal markers Map2 and -tubulin in the �nal stage (stage 3). After 10–12
days of treatment with inducers, signi�cant levels of neuronal gene expression were identi�ed in the
cultures, suggesting the differential potential of neural progenitors to mature neurons. The electrical
characteristics of differentiated neurons were studied using patch-clamp recordings. The current study
con�rmed the electrical properties of neuronal-like cells produced from ES-like cells obtained from the
testis. Although additional research is required to assess the fully functional phenotype of ES-like cells
produced from neurons, our results imply that the neural inducers used in this study enhanced ES-like cell
differentiation to the neural lineage. However, inducing more mature neurons through various protocols
based on a co-culture system with supporting cells via the preparation of essential developmental factors
in the maturation of the functioning neuron is more important (Villodre, Felipe et al. 2019).

Previously researchers demonstrated that replacing cell populations such as ESCs or ESC-derived
neuroprogenitor cells with adult neurons improved experimental models of neurodegenerative
diseases (Simmet, Zakhartchenko et al. 2018). Despite improvements, teratoma formation rates
following undifferentiated ESC transplantation are much higher than after transplantation of highly
differentiated cells, neuroprogenitors, or completely differentiated neurons derived from ESCs. In vitro
neural differentiation of ESCs prior to transplantation outperforms the engraftment of undifferentiated
stem or neuroprogenitor cells to solve this challenge. In this context, we hoped to promote neuron
development in ES-like cells derived from the testis and treated with ESC-speci�c neural procedures.
Furthermore, adding survival reagents to culture media, such as NEAA, B27, N2, and bFGF, increases both
viability and eventual differentiation of ESC-derived neurons.

We previously demonstrated the glial differentiation capability of SSCs derived from mouse testis that
revealed a functional pro�le after transplantation into multiple sclerosis demyelination models (Conrad,
Azizi et al. 2016, Bojnordi, Azizi et al. 2017). Our study reveals that ES-like cells derived from the testis
may develop into mature neurons and exhibit functional characteristics of neural progenitors and mature
neurons. It seems that testicular ES-like cells can be used to replace a variety of neuroglial cells. This
breakthrough expands the scope of neurological research and medical applications. Furthermore, the
approach used to differentiate normal neurons from ESCs also applies to testicular ES-like cells. In vitro,
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they can develop into fully functional adult neurons. However, further research must validate these cells'
ability to function in injured host brain regions in vivo.

Conclusion
In summary, our study evaluated the Oct4 expression pattern during testicular cells, ES-like, EBs, and
neurons. Furthermore, we analyzed its association with other genes and their connections in the PPI
network using STRING: PubMed query and Cytoscape software. Our �ndings can help us better
understand the process of differentiation of spermatogonia stem cells into functional mature neurons,
and it can be effective in �nding new and more e�cient treatments for neurogenesis and repair of nerves.
Also, comprehend the new Oct4 reprogramming method for clinical and therapeutic use. Finally, future
studies should pay more attention to Oct4 connected networks to improve our current understanding of
Oct4 performance.
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Figure 1

The intensity and phase-contrast microscopy of Oct4-GFP signals in adult mouse testis and in vitro. (a, b)
Oct4 expression in seminiferous tubules (c) SSC cultures from transgenic Oct4-GFP reporter mice. (A1–
A3) Oct4-GFP positive cells and the intensity of the Oct-GFP signal were higher in testicular tubules of
adult mice. (B1–B3) Oct4 was the high Expression in SSCs located in the basal compartment of
seminiferous tubules (yellow arrow), although it was not expressed in SSCs cells in the middle and
central of seminiferous tubules (white arrow). (C1–C3) Oct4-GFP positive SSCs were present during initial
cultures from adult mice. Scale bars: (a) 50 𝜇m, (b-c) 15 𝜇m.
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Figure 2

The intensity and phase-contrast microscopy �gure of ES-like cells and EBs after expansion. (a)
Immuno�uorescence microscopy �gure of ES-like cells shows Oct4-GFP. (b) EBs structures were formed
in suspension culture after expansion. (c) Treating an EBs by adding RA. At this stage, Oct4-GFP
Expression reaches a less low level. Scale bars: (a) 50𝜇m and (b-c) 100𝜇m.
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Figure 3

Oct4 mRNA expression of SSCs, Sertoli, ES-like, and EBs. Fluidigm quantitative polymerase chain reaction
analysis for Oct4 Expression in SSCs, Sertoli, ES-like cells, EBs, and MEF; Mouse embryonic �broblasts
(for control). High mRNA expressed in undifferentiation spermatogonia, and very high mRNA expressed in
ES-like cells and EBs. At least P<0.05 versus other groups. Data presented as mean ± SD. 
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Figure 4

phase-contrast microscopy and patch clamp recording of neurons. (a) Neuron cells were seen 6 days
after the initiation of neural induction, and their numbers rapidly increased. (b) Whole-cell current-clamp
recordings of differentiated neurons. Scale bars: (a) 50 𝜇m, (b) 15 𝜇m.
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Figure 5

Differentiation of neurons from ES-Like Cells. (A-D) Neurons induced for an additional 10 days at the �nal
stage of the differentiation. Scale bars, 50 μm.
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Figure 6

The protein-protein interaction (PPI) Network analysis is involved in spermatogonial stem cell to neural.
The network was constructed by Cytoscape based on the PubMed query from the STRING database. The
maximum number of proteins was set as 100 with a con�dence score extracted P<0.40. The red node
represents high related and co-expression with Pou5f1. (a) related and co-expression genes with Pou5f1
in SSCs. (b) related and co-expression genes with Pou5f1 in ES-like. (c) related and co-expression genes
with Pou5f1 in EBs. (d) related and co-expression genes with Pou5f1 in neurons.
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Figure 7

STRING Enrichment analysis. Each node represents a protein of our selected genes, and edges indicate
protein-protein interactions, with line thickness indicating evidence strength for a predicted interaction. (a)
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biological enrichment of Pou5f1 in SSCs. (b) biological enrichment of Pou5f1 in ES-like. (c) biological
enrichment of Pou5f1 in EBs. (d) biological enrichment of Pou5f1 in neurons.

Figure 8

Schematic of Oct4 Expression in the differentiation of SSCs into mature neurons process. Oct4
expression is high in SSCs, ES-like, and EBs but not expressed in neurons.


