
ORIGINAL ARTICLE
npgCell Research (2014) 24:1466-1485.

© 2014 IBCB, SIBS, CAS    All rights reserved 1001-0602/14
www.nature.com/cr

Characterization of Nestin-positive stem Leydig cells as a 
potential source for the treatment of testicular Leydig cell 
dysfunction
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The ability to identify and isolate lineage-specific stem cells from adult tissues could facilitate cell replacement 
therapy. Leydig cells (LCs) are the primary source of androgen in the mammalian testis, and the prospective iden-
tification of stem Leydig cells (SLCs) may offer new opportunities for treating testosterone deficiency. Here, in a 
transgenic mouse model expressing GFP driven by the Nestin (Nes) promoter, we observed Nes-GFP+ cells located in 
the testicular interstitial compartment where SLCs normally reside. We showed that these Nes-GFP+ cells expressed 
LIFR and PDGFR-α, but not LC lineage markers. We further observed that these cells were capable of clonogenic 
self-renewal and extensive proliferation in vitro and could differentiate into neural or mesenchymal cell lineages, as 
well as LCs, with the ability to produce testosterone, under defined conditions. Moreover, when transplanted into the 
testes of LC-disrupted or aging models, the Nes-GFP+ cells colonized the interstitium and partially increased testos-
terone production, and then accelerated meiotic and post-meiotic germ cell recovery. In addition, we further demon-
strated that CD51 might be a putative cell surface marker for SLCs, similar with Nestin. Taken together, these results 
suggest that Nes-GFP+ cells from the testis have the characteristics of SLCs, and our study would shed new light on 
developing stem cell replacement therapy for testosterone deficiency.
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Introduction Leydig cells (LCs), which reside in the testis inter-
stitium, are the primary source of testosterone and es-
sential for the development of the male phenotype and 
spermatogenesis [1, 2]. Testosterone is also important for 
the maintenance of bone and muscle mass. A recent epi-
demiological study estimated that more than 4.5 million 
American men may have symptoms related to testoster-
one deficiency, such as changes in body composition, 
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increased fatigue, sexual dysfunction, depressed mood, 
and decreased cognitive function [3, 4]. Although LC 
transplantation has been demonstrated as an ideal physi-
ological and long-acting system for testosterone delivery 
[5], adult LCs have a limited capacity to proliferate, and 
display all of the phenotypic and functional features of 
terminally differentiated cells [6, 7], thereby limiting the 
efficacy of LC transplantation therapy. Thus, identifica-
tion and isolation of stem Leydig cells (SLCs), which are 
capable of self-renewal and differentiating into mature 
LCs, will provide a new strategy for treating the testos-
terone deficiency.

Recently, several putative SLC candidates have been 
described in the testis. Lo et al. [8] firstly reported the 
isolation of putative SLCs from the testicular side popu-
lation (SP), and transplantation of this population could 
increase testosterone production and restore spermato-
genesis in luteinizing hormone receptor (LHR) knockout 
(KO) mice. Unfortunately, the testicular SP cells were 
heterogeneous and contained different types of stem 
cells, including spermatogonial stem cells (SSCs), LCs, 
and perhaps myoid stem cells. Therefore, this population 
might not be the best choice for the isolation of SLCs. 
Hardy and his colleagues made significant progress in 
search for SLCs [9]. Through Percoll gradient centrifu-
gation and immunoselection for LHR-negative and plate-
let-derived growth factor receptor-α (PDGFR-α)-positive 
cells from day 7 rat testes, putative SLCs were isolated, 
which were capable of proliferation and differentiation 
into testosterone-producing LCs in vitro and colonized 
the interstitium in vivo. Chen’s group also demonstrated 
the existence of SLCs in the adult rat testis [10]. Unfor-
tunately, neither of these studies has completely demon-
strated the self-renewal and multilineage-differentiation 
abilities of putative SLCs, which are the unique proper-
ties of adult stem cells, nor did they provide evidence of 
the potential reparative effects of SLCs on LC functions, 
particularly the restoration of testosterone production. 
Furthermore, these isolation methods had a very low 
efficiency; about one million LHR-negative and PDG-
FR-α-positive cells were obtained from the testes of 60 
pups (with an average of 8 500 cells per testis) [9]. To 
overcome the limitations of these methods, particularly 
the small population size and the heterogeneous nature of 
the population, there is a clear need for specific markers 
and methods to identify and prospectively isolate SLCs.

Nestin is an intermediate filament protein. While it is 
widely known as a marker of neural stem cells, it is actu-
ally expressed in proliferating cells during the develop-
mental stages of a variety of embryonic and fetal tissues 
[11]. More importantly, Nestin is also expressed in some 
adult stem/progenitor cell populations, indicating that 

Nestin might be a common marker of multipotent stem 
cells. Using Nestin as a tracking marker, various adult 
stem cells have been prospectively isolated, including 
mesenchymal stem cells [12] and hair follicle stem cells 
[13]. Davidoff et al. [14] demonstrated that Nestin ex-
pression was elevated in the testis during development 
and regeneration after LC injury, which implied that Nes-
tin might be a good candidate marker of LC progenitor 
cells.

Here, we report a method for identification and isola-
tion of SLCs on the basis of Nestin expression using flow 
cytometry in combination with in vitro functional assays. 
We further demonstrated that Nestin-positive SLCs had 
the capacity to partially restore testosterone production 
in vivo following transplantation into LC-disrupted or 
senescence animal models.

Results

Characterization of Nestin expression in the testis 
To systemically evaluate the expression patterns of 

Nestin during postnatal development in the mouse testes, 
we assessed GFP expression in the Nes-GFP transgenic 
mouse model (expressing GFP driven by the Nestin (Nes) 
promoter) using confocal microscopy. Consistent with 
previous reports [14, 15], we detected GFP expression 
in the interstitial or peritubular cells of the mouse testes 
on postnatal days 0, 7, 14, 28 and 90, but not within the 
seminiferous tubules (Figure 1A). Quantitative analysis 
showed a significant peak of the number of Nes-GFP+ 
cells on postnatal day 7, which then gradually decreased 
with age in the total population of the interstitial  com-
partment; by day 90, Nes-GFP+ cells were barely seen 
in the testis interstitium (Figure 1B). Additionally, using 
specific Nestin antibodies yielded similar staining pat-
terns in these tissues (data not shown). No staining was 
found in the negative controls.

To further characterize Nes-GFP+ cells, we examined 
the expression of known stem cell or LC lineage mark-
ers in Nes-GFP+ cells. On postnatal day 7, the Nes-GFP+ 

cells expressed PDGFR-α and leukemia inhibitory factor 
receptor (LIFR), but did not express the fetal LC marker 
LHR or the adult LC marker 3β-HSD [9] (Figure 1C). 
Furthermore, we observed that only a few Nes-GFP+ cells 
expressed c-kit (data not shown). We also monitored the 
mRNA levels of Nestin and genes associated with SLCs 
in the testis tissue using quantitative RT-PCR (qRT-PCR) 
analyses. In agreement with previous observations [14], 
the expression level of Nestin gene was gradually de-
creased with age (Figure 1D). Interestingly, the expres-
sion pattern of PDGFR-α and LIFR genes resembled that 
of Nestin gene in the testis [16, 17] (Figure 1D). Taken 
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Figure 1 Nestin expression in the testis of Nes-GFP transgenic mice. (A) Nestin (green) expression in the testis of Nes-GFP 
transgenic mice on postnatal days 0, 7, 14, 28, and 90. Scale bar, 50 µm. (B) Quantification of Nes-GFP+ cells in the testis 
sections at the indicated time points. The percentage of Nes-GFP+ cells in the testis interstitum was counted. Three sections 
per slide and three slides per mouse testis were counted. (C) Immunohistochemical analyses showed that the Nes-GFP+ 
cells in the testis expressed PDGFR-α and LIFR, but did not express LHR or 3β-HSD on postnatal day 7. Nuclei were coun-
terstained with DAPI (blue). Scale bar, 50 µm. (D) qRT-PCR analysis of Nestin, PDGFR-α and LIFR gene expression in testes 
of normal mice on postnatal days 7, 14, 28, 90 (the value on postnatal day 7 was defined as 1). n = 5. Data are expressed as 
the mean ± SEM.
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together, these results suggest that Nestin might be a reli-
able marker for SLCs.

Isolation of Nes-GFP+ cells from the testis
Histological data demonstrated that Nestin represents 

a potential marker for SLCs, suggesting the possibility 
of isolating SLCs on the basis of Nes-GFP expression. 
Towards this end, we sorted cells from the testes of post-
natal Nes-GFP transgenic mice using fluorescence-acti-
vated cell sorting (FACS) and found that Nes-GFP+ cells 
constituted 52.1% ± 5.6%, 29.5% ± 6.3%, and 1.3% ± 
0.4% of the total testicular interstitial cell population on 
postnatal days 7, 14, and 28, respectively. Consistent 
with the histological data the frequency of GFP+ cells de-

creased with age (Figure 2A). 
We then examined the expression of GFP, PDGFR-α, 

and LHR in freshly prepared testicular cells from post-
natal day 7 Nes-GFP mice. These cells were almost 
uniformly LHR-negative (Figure 2B), whereas they dis-
played a more heterogeneous expression of PDGFR-α 
(Figure 2C). These cells were separated into four distinct 
fractions: Nes-GFP+/PDGFR-α+ (double positive; DP), 
Nes-GFP+/PDGFR-α– (Nes-GFP+ single positive; NSP), 
Nes-GFP–/PDGFR-α+ (PDGFR-α single positive; PSP), 
and Nes-GFP–/PDGFR-α– (double negative; DN; Figure 
2C). As shown in Figure 2C, the proportion of each frac-
tion was 37.0% (DP), 18.4% (NSP), 12.1% (PSP), and 
32.5% (DN), respectively. To test whether Nestin could 

Figure 2 Isolation and phenotypic analysis of Nes-GFP+ cells derived from the testis. (A) Flow cytometry was used to isolate 
Nes-GFP+ cells from the testes of Nes-GFP transgenic mice on postnatal days 7, 14, and 28. The representative histogram 
overlays showed the isotype controls (black region) and the stained samples (red lines). n = 5. (B, C) Representative flow 
cytometric profiles of Nes-GFP+ cells stained with LHR (B) and PDGFR-α (C); these cells were derived from the testes of 
postnatal day 7 Nes-GFP transgenic mice. FSC, Forward-scattered light; SSC, Side-scattered light; PSP, PDGFR-α single 
positive; DP, Nes-GFP and PDGFR-α double positive; DN, double negative; NSP, Nes-GFP+ single positive. (D) Phase-con-
trast micrographs of primary (P0, 4 days after plating) and P1 (7 days after plating) cells in each population derived from the 
PSP, DP, DN, and NSP cells. Scale bar, 50 µm. (E) Cytogenetic analysis showed that the Nes-GFP+ cells at P25 have a dip-
loid karyotype.
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be used as a marker of SLCs, we isolated cells in each 
subpopulation from freshly isolated testicular cells and 
cultured them in SLC expansion medium. One day after 
culturing in ultra-low adherence dishes with expansion 
medium, many cells in each group adhered to the plastic 
dish and presented a spindle-shaped morphology, except 
for the DN population. After being transferred into new 
flasks 7-10 days after the initial culturing, DP or NSP 
cells were able to form small spheres. Subsequently, 
most of the DP and NSP cells exhibited floating spheres 
and proliferated, resulting in larger spheres (Figure 2D). 
Notably, spheres derived from these two populations 
could be propagated approximately 50 times before their 
proliferative capacity decreased, probably as a conse-
quence of cellular senescence. In contrast, PSP and DN 
cells did not proliferate for more than two passages and 
could not form floating spheres. Interestingly, the NSP 
cells also expressed PDGFR-α after three passages (data 
not shown). This result suggests that Nestin might be an 
earlier marker for SLCs compared with PDGFR-α. The 
Nes-GFP+ cells (including DP and NSP cells) were used 
in later experiments.

To examine the karyotype of these cells, we cytoge-
netically analyzed the Nes-GFP+ cells at passages 25 and 
50 (P25 and P50). At P25, all cells showed a diploid chro-
mosomal complement (Figure 2E). However, at P50, 14% 
of the cells had hypodiploid or hyperdiploid chromosome 
numbers, ranging from 38-60 (data not shown). For sub-
sequent experiments, we used Nes-GFP+ cells between 
passages 5-30.

Nes-GFP+ cells exhibit self-renewal capacity and a high 
clonogenic potential 

We characterized the cells of the Nes-GFP+ spheres 
at P6 by immunofluorescence staining and examined the 
expression levels of PDGFR-α and LIFR, and embryon-
ic stem cell markers, such as NANOG, OCT4, SOX2, 
SSEA-1 and SSEA-4. Interestingly, the Nes-GFP+ sphere 
cells highly expressed Nestin and also expressed PDG-
FR-α, LIFR, SSEA-1, and SSEA-4 (Figure 3A); howev-
er, they did not express OCT4 or NANOG and exhibited 
only negligible expression of SOX2 (data not shown). 
In addition, these isolated cells were negative for the LC 
markers LHR and 3β-HSD, indicating that the culture 
conditions maintained the SLCs in their undifferentiat-
ed state. A majority of these cells were also positive for 
GATA4, which had been implicated as a key transcrip-
tion factor in LC development [18, 19]. Moreover, the 
Nes-GFP+ cells were positive for the proliferation marker 
PH3 (Figure 3A). These results strongly suggest that 
Nes-GFP+ cells have the characteristics of SLCs in the 
testis.

To demonstrate the self-renewal capacity of the Nes-
GFP+ cells, we carried out a single-cell sphere formation 
assay in which single-cell suspensions derived from P7 
Nes-GFP+ cells were seeded by serial dilution into 96-
well plates (Figure 3B). Primary spheres appeared 4 days 
after plating, and the diameters of the spheres were larger 
than 50 µm after 10 days of culture (Figure 3C). The 
primary clonogenic efficiency of the Nes-GFP+ cells was 
18.1% ± 2.9%. The seeding of single-cell suspensions 
from primary clones of Nes-GFP+ cells generated second-
ary clones that exhibited similar clonogenic efficiency 
(Figure 3D). Moreover, the proliferative potential of Nes-
GFP+ cells was detected using the CCK8 assay, and their 
proliferation rates were similar at different passages (P7, 
P15 and P30; Figure 3E). These experiments revealed that 
Nes-GFP+ cells were highly clonogenic and exhibited the 
capacity for self-renewal in vitro. 

Multilineage differentiation capacity of Nes-GFP+ cells 
in vitro

Nestin has been identified as a marker for neural and 
mesenchymal stem cells, and these Nestin-expressing 
cells are capable of differentiating into neural [20] or 
mesenchymal [12] cell lineages, suggesting that Nestin 
represents a characteristic marker of multilineage pro-
genitor cells. To characterize the multipotency of the 
Nes-GFP+ cells in the testis, we cultured these cells under 
defined differentiation conditions (Figure 4A). After in-
duction, the neural lineage differentiation of Nes-GFP+ 

cells was confirmed by staining for Tuj-1 (Neuronal class 
III β-tubulin) and GFAP (glial fibrillary acidic protein; 
Figure 4B and 4C). In addition, the induction of Tuj-1, 
neurofilament 200 (NF200) and GFAP gene expression 
was observed by RT-PCR analysis (Figure 4G). Osteo-
genic differentiation was confirmed by the deposition of 
alizarin red-positive mineralized matrix after 4 weeks of 
induction (Figure 4D). This increased calcium deposition 
was associated with increased mRNA levels of the osteo-
genic markers runt related transcription factor 2 (Runx2), 
secreted protein acidic and rich in cysteine (SPARC), and 
alkaline phosphatase (ALP; Figure 4G). Oil red O stain-
ing, which detects the presence of lipid-rich vacuoles, 
was used to evaluate the adipogenic induction (Figure 
4E). The differentiated cells exhibited intracellular lipid 
vacuoles that were absent in the undifferentiated cells. 
We further found that the expression levels of adipogen-
ic markers including peroxisome proliferator activated 
receptor-γ (PPAR-γ) and fatty acid-binding protein 4 
(Fabp4) were significantly upregulated after differen-
tiation (Figure 4G). Four weeks after chondrogenic in-
duction, the pellet was intensely stained with toluidine 
blue (Figure 4F). Furthermore, in accordance with the 
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histochemistry results, the mRNA expression levels of 
the chondrogenic genes Col2A and Aggrecan were also 
highly upregulated (Figure 4G). It needs to be noted that 
the expression of these lineage-specific markers was not 
detected prior to differentiation (Figure 4G). 

To further assess the plasticity of the clonal (single 
cell-derived) Nes-GFP+ cells, we performed the multilin-
eage differentiation assay with colonies derived from a 
single Nes-GFP+ cell (Figure 5A). The clonal Nes-GFP+ 

single cells were plated into 96-well plates by serial dilu-

Figure 3 Nes-GFP+ cells showed self-renewal property. (A) Cultured Nes-GFP+ spheres expressed PDGFR-α, LIFR, PH3, 
SSEA-1, SSEA-4, and GATA-4, but did not express 3β-HSD or LHR. Nuclei were counterstained with DAPI (blue). Scale bar, 
25 µm. (B) Schematic of the experimental procedure used to generate the Nes-GFP+ clonal sphere cultures. (C) Represen-
tative images showed clonal sphere growth from single cells observed using a bright field (top panel) or fluorescence (bottom 
panel) microscope. Scale bar, 10 µm (days 1 and 2) and 25 m (days 4 and 10). (D) A comparison of the sphere formation in 
wells containing a single cell showed that the frequency of sphere formation was equivalent in the primary and secondary 
spheres (n = 4). Data are expressed as the mean ± SEM. (E) The proliferation rates of the Nes-GFP+ cells at different pas-
sages (P7, P15 and P30) were assessed using the CCK8 assay and were shown to be similar (n = 6). Data are expressed as 
the mean ± SEM.
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tion (one cell/well) and were expanded under non-adher-
ent conditions. After treating the clonal Nes-GFP+ cells 
with differentiation media, these cells exhibited robust 
plasticity. Under the mesenchymal lineage differentiation 
conditions, these cells showed tri-lineage differentiation 
potential and exhibited osteogenic (Figure 5B and 5C), 
adipogenic (Figure 5B and 5D), and chondrogenic (Figure 
5E) lineage phenotypes during the 4-week differentia-

tion period. Interestingly, such clones also underwent 
neurogenic differentiation, as shown by the staining for 
the neuronal and astroglial proteins Tuj-1 and GFAP, 
respectively (Figure 5F and 5G). Moreover, these clono-
genic experiments further suggest that these cells possess 
self-renewal potential, which was consistent with previ-
ous reports in which extensive proliferation of a single 
cell with the retention of multipotency over a long period 

Figure 4 Nes-GFP+ cells differentiated into multiple lineages. (A) Schematic of the experimental procedure used for inducing 
differentiation. (B-F) Representative micrographs of histological staining showing neurons (TuJ-1) (B), astrocytes (GFAP) (C), 
osteocytes (alizarin red) (D), adipocytes (oil red) (E), and  chondrocytes (toluidine blue) (F). Scale bar, B-C, 25 µm; D-F, 100 
µm. (G) RT-PCR analysis of differentiated Nes-GFP+ cells cultured for 4 weeks (DIFF) showing increased expression of neu-
ral (Tuj-1, NF200 and GFAP), osteogenic (ALP, SPARC and Runx2), adipogenic (Fabp4 and PPAR-γ), and chondrogenic (Col2A 
and Aggrecan) markers relative to undifferentiated SLCs (UNDIFF).
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of time has been used to demonstrate stem cells in the 
skin [21].

Nes-GFP+ cells can differentiate into LCs in vitro
To investigate the potential of the Nes-GFP+ cells to 

differentiate into LCs in vitro, we placed the cells in the 
differentiation-inducing medium (DIM) previously re-
ported by Ge et al. [9]. After 7 days of culture in DIM, 
numerous cells exhibited signs of LC differentiation, in-
cluding the expression of proteins and enzymes involved 
in androgen biosynthesis. Immunohistochemical analysis 
showed that most of the differentiated Nes-GFP+ cells 
expressed LC steroidogenic enzymes, including 3β-HSD, 

P450scc and P450c17, as well as LHR and steroidogenic 
acute regulatory protein (StAR). In addition, these cells 
were positively stained for the nuclear transcription fac-
tors, steroidogenic factor-1 (SF-1) [22] and GATA4 [18], 
which were known to be involved in LC development 
(Figure 6A). Moreover, RT-PCR demonstrated the upreg-
ulated expression of the LC lineage genes 3β-HSD, StAR 
and LHR after 7 days of induction (Figure 6B). Next, 
to determine whether the differentiated Nes-GFP+ cells 
could synthesize testosterone, we collected the superna-
tants at different time points and found that testosterone 
synthesis gradually increased, peaking 7 days after dif-
ferentiation (Figure 6C). We also tested the steroidogenic 

Figure 5 Clonal-derived Nes-GFP+ cells exhibited multilineage differentiation capacity. (A) Schematic of the protocol for clon-
al Nes-GFP+ cell differentiation. (B) Images of the Nes-GFP+ clones under undifferentiated conditions (lower panels) and un-
der osteogenic or adipogenic conditions (upper panels; left, alizarin red; right, oil red). (C-G) Single clones differentiated into 
osteocytes (alizarin red) (C), adipocytes (oil red) (D), chondrocytes (toluidine blue) (E), neurons (Tuj-1) (F), and astrocytes 
(GFAP) (G). Scale bar, C-E,100 µm; F-G, 25 µm.
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potential of the clonal Nes-GFP+ cell lines derived from 
the Nes-GFP+ single cells. Indeed, these cells success-
fully differentiated into LCs as demonstrated by the 
expression of LC lineage-specific markers as described 
above and the production of testosterone after differenti-
ation (Supplementary information, Figure S1A and S1B). 
Taken together, these results suggest that Nes-GFP+ cells 
can differentiate into mature LCs capable of testosterone 

synthesis.

Transplanted Nes-GFP+ cells can colonize the intersti-
tium of LC-disrupted or aging host animals and partially 
recover testosterone production

The ability to regenerate damaged tissues in vivo is 
an important property of stem cells. We therefore inves-
tigated whether the Nes-GFP+ cells could differentiate 

Figure 6 Nes-GFP+ cells differentiated into LCs in vitro. (A) Seven days after differentiation, immunofluorescence staining 
showed that the Nes-GFP+ cells clearly expressed LC lineage-specific markers. The representative images showed the ex-
pression of 3β-HSD, P450scc, LHR, SF-1, GATA4, StAR and P450c17 in these cells. BF, bright field. Scale bar, 25 µm. (B) 
RT-PCR analysis confirmed that the expression of the Leydig lineage-specific markers StAR, 3β-HSD, and LHR in differen-
tiated cells (DIFF) was significantly increased while the undifferentiated controls (UNDIFF) exhibited undetectable levels of 
these markers. (C) Testosterone production progressively increased during culture in DIM. Data are expressed as the mean ± 
SEM (n = 6).
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Figure 7 Transplanted Nes-GFP+ cells differentiated into LCs that are capable of producing testosterone in the testes of 
EDS-treated 3-month-old mice. (A) Schematic of the experimental procedure used for cell transplantation. (B) Immunoflu-
orescence staining showed the accumulation of cells positive for PKH26 (red) and P450scc (green) or LHR (green) in the 
interstitial area of the testis of EDS-treated mice 10 days after implantation with Nes-GFP+ cells. In the control mice, the 
number of P450scc- and LHR-positive cells decreased after EDS injection. The bottom panels showed higher-magnification 
images of the dotted boxes in the lower-magnification images of the Nes-GFP+ cell-transplanted mice. Scale bar, 50 µm. Nor-
mal/Saline (+), 3-month-old mice received saline injection; EDS(+)/Saline (+), EDS-treated mice receiving saline 4 days later; 
EDS(+)/Cells (+), EDS-treated mice receiving Nes-GFP+ cells 4 days later. (C-D) qRT-PCR analysis showed the expression of 
17β-HSD (C) and 3β-HSD (D) in the testes of or EDS- or EDS+Nes-GFP+ cells-treated groups at the indicated experimental 
time points. Expression levels of each gene were compared to normal mice (before treatment; defined as 1). Data are shown 
as the mean ± SEM. n = 6. (E) The serum testosterone concentration was measured at the indicated time points in each an-
imal. The level of testosterone was significantly increased in the Nes-GFP+ cell-treated group compared to the control mice 
(treated with EDS alone) after cell transplantation (*P < 0.05, **P < 0.01). 



1476
Nestin-positive stem Leydig cellsnpg

Cell Research | Vol 24 No 12 | December 2014

into the LCs and increase the testosterone levels in an 
LC-chemically disrupted model. Adult mice were treated 
with EDS (160 mg/kg), and then Nes-GFP+ cells were in-
jected into the parenchyma at the cranial pole of the tes-
tis 4 days later. We observed that Nestin expression was 
significantly downregulated and GFP signals were also 
decreased dramatically after differentiation, which was in 
accordance with previous studies [12, 23] (Supplementary 
information, Figure S2A and S2B). Therefore, the Nes-
GFP+ cells were labeled with PKH26 (a red fluorescent 
lipophilic dye), and implanted into recipient animals. 
At 0, 4, 7, 10, 12, and 14 days after EDS treatment, the 
serum and the testes were collected for analyses (Figure 
7A). The transplanted PKH26-labeled Nes-GFP+ cells 
were localized exclusively to the interstitium of the tes-
tis, and expressed the LC-specific markers P450scc and 
LHR 10 days after transplantation (Figure 7B). More-
over, after EDS treatment, the expression of 17β-HSD 
and 3β-HSD, and the concentration of testosterone were 
decreased significantly on day 4 and recovered gradu-
ally (Figure 7C-7E). However, EDS treatment had no 
obvious effect on LC morphology (Figure 7B). Further-
more, the transplantation of Nes-GFP+ cells significantly 
increased the mRNA expression levels of LC-specific 
markers, 3β-HSD and 17β-HSD, and the production of 
testosterone in EDS-treated mice at different time points 
(Figure 7C-7E). On day 14 (day 10 after cell transplan-
tation), the testosterone concentration was even higher 
than that of saline-injected normal mice (Figure 7E). We 
then isolated PKH26-labeled cells by FACS from the 
testis 10 days after transplantation and performed RT-
PCR analysis, which revealed that these cells expressed 
LC lineage-specific markers including LHR, 17β-HSD 
and 3β-HSD (Supplementary information, Figure S3A). 
Although GFP gene was not expressed at the transcrip-
tional level after differentiation, it should be still located 
in the genomic DNA as an exogenous gene. Indeed, we 
found that most PKH26-labeled cells from the mouse 
testis carried the GFP gene (Supplementary information, 
Figure S3B). 

To further confirm the function of these cells, we 
established the EDS-treated rat model [9] and injected 
Nes-GFP+ cells into the parenchyma of the rat testis. 
Consistent with previous observation [14], in EDS-treat-
ed control group, the P450scc-positive cells were almost 
not observed in the interstitium, and serum testosterone 
levels were dramatically decreased 14 days after EDS 
treatment, indicating that EDS specifically eliminated 
the testosterone-producing LCs in the adult rat model. 
Importantly, we found that the transplanted PKH26-la-
beled Nes-GFP+ cells were localized in the interstitium 
and expressed P450scc and LHR, and that the cell trans-

plantation partially restored testosterone production 
(Supplementary information, Figures S4 and S5). These 
data suggest that the transplanted Nes-GFP+ cells have 
differentiated into functional LCs in vivo.

In male mice, aging generally goes along with a pro-
gressive decline in the biosynthesis of testosterone by 
LCs [24-26]. To test whether Nes-GFP+ cells could re-
store testosterone production in a senescence model, we 
injected PKH26-labeled Nes-GFP+ cells into the testes of 
22-month-old mice. Without cell transplantation, the ex-
pression levels of P450scc and LHR in the LCs of these 
old mice were dramatically decreased (Figure 8A), and 
these mice also exhibited a lower serum testosterone lev-
el compared with young adults injected with saline (Figure 
8B). Ten days after cell transplantation, the PKH26-la-
beled Nes-GFP+ cells colonized the interstitium of the 
testis and strongly expressed P450scc and LHR (Figure 
8A). Notably, the serum testosterone levels of mice with 
cell transplantation were increased significantly com-
pared with the control mice with saline injection (Figure 
8B). Taken together, these results demonstrate that the 
Nes-GFP+ cells possess key properties of SLCs as they 
are capable of colonizing the interstitium and differenti-
ating into mature testosterone-producing LCs.

Transplanted Nes-GFP+ cells offer potential benefits for 
spermatogenesis 

It has been reported that spermatogenic dysfunction is 
often associated with impaired LC function [27]. Further-
more, it has been established that testosterone is essential 
for spermatogenesis [28]. To further verify whether the 
transplanted Nes-GFP+ cells played a role in the mainte-
nance of spermatogenesis, we examined the proliferative 
capacity of spermatogonial cells in the seminiferous 
tubules. PH3-positive cells virtually disappeared in the 
EDS-treated mice (Figure 9A), whereas the number of 
PH3-positive proliferating cells was increased dramati-
cally in the seminiferous tubules 10 days after transplan-
tation with the Nes-GFP+ cells (0.33% ± 0.11% versus 
21.97% ± 2.49%, P < 0.01, Figure 9B). More interesting-
ly, in the testes of aging mice, PH3 expression was rarely 
detected in the seminiferous tubules (2.40% ± 0.58%), 
whereas the number of proliferating spermatogenic cells 
was obviously increased after Nes-GFP+ cell transplanta-
tion (2.40% ± 0.58% versus 10.87% ± 1.01%, P < 0.01, 
Figure 9B). 

Previous studies have demonstrated that testosterone 
action is critical for the completion of meiosis and sper-
miogenesis in rodents [29, 30], we thereby detected the 
expression of meiotic markers, synaptonemal complex 
protein 1 and 3 (SYCP1 and SYCP3) [31, 32], by immu-
nofluorescence staining (Figure 9C and 9E). We observed 
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that SYCP1- (Figure 9C) or SYCP3-positive (Figure 9E) 
cells were significantly decreased in EDS-treated mice. 
However, after transplantation with Nes-GFP+ cells, the 
meiotic cells dramatically increased (SYCP1: 7.19% 
± 1.21% versus 60.32% ± 5.10%, P < 0.01; SYCP3: 

15.10% ± 2.01% versus 69.10% ± 6.08%, P < 0.01). 
The similar phenomena were observed in the aging mice 
treated with Nes-GFP+ cells (SYCP1: 18.35% ± 1.91% 
versus 31.82% ± 5.53%, P < 0.01; SYCP3: 25.12% ± 
3.20% versus 67.80% ± 3.09%, P < 0.01, Figure 9D and 

Figure 8 Nes-GFP+ cells differentiated into LCs and facilitated testosterone production in the testes of 22-month-old mice af-
ter transplantation. (A) Immunofluorescence staining showed the accumulation of cells positive for PKH26 (red) and P450scc 
(green) or LHR (green) in the interstitial area of testes of old mice 10 days after Nes-GFP+ cell implantation. The expression 
levels of P450scc and LHR in the 22-month-old mice were lower than those in the young mice (3-month-old). Scale bar, 
50 µm. (B) In the 22-month-old mice, the serum testosterone concentrations were significantly increased in the Nes-GFP+ 

cell-treated mice compared to the saline-treated old mice (*P < 0.05, **P < 0.01). n = 6. Young/Saline (+), 3-month-old mice 
receiving saline injection; Old/Saline (+), 22-month-old mice receiving saline injection; Old/Cells (+), 22-month-old mice re-
ceiving Nes-GFP+ cells.
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9F). In addition, the increase of meiotic cells was also 
observed in EDS-treated rat model 10 days after Nes-
GFP+ cell transplantation (Supplementary information, 
Figure S6A and S6B).

H&E histological analysis further revealed that the 

transplantation of Nes-GFP+ cells increased the number 
of round spermatids in the EDS-treated animals and ag-
ing mice (Supplementary information, Figure S7). Taken 
together, these results demonstrate that the transplanta-
tion of Nes-GFP+ cells can partially restore the disrupted 

Figure 9 Nes-GFP+ cells promoted spermatogenesis 10 days after transplantation. (A) Representative images showed PH3-
positive (green) cells in seminiferous tubules of testes in each experimental mouse. Ten days after transplantation, the Nes-
GFP+ cell-treated animals showed a significantly higher number of proliferating cells in the seminiferous tubules compared 
to mice with saline injection. Scale bar, 50 µm. (B) Quantitative analysis showing the percentage of PH3-positive cells in 
seminiferous tubules of testes. Three sections per slide and three slides per mouse testis were counted (**P < 0.01). (C, E) 
The meiotic spermatocytes were observed by immunofluorescence staining with anti-SYCP1 (green) (C) and  anti-SYCP3 
(green) (E) antibodies. Nucleus was detected by DAPI staining (blue). The SYCP1- or SYCP3-positive cells were located 
at the pachytene stage in each testis. Scale bar, 50 µm. (D, F) Quantitative analysis showing the percentage of SYCP1- 
or SYCP3-positive cells in seminiferous tubules of testis. Three sections per slide and three slides per mouse testis were 
counted (**P < 0.01). Normal/Saline (+), 3-month-old mice receiving saline injection; EDS(+)/Saline(+), EDS-treated mice 
receiving saline 4 days later; EDS(+)/Cells(+), EDS-treated mice receiving Nes-GFP+ cells 4 days later; Old/Saline (+), 
22-month-old mice receiving saline injection; Old/Cells (+), 22-month-old mice receiving Nes-GFP+ cells. n = 6. 
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Figure 10 CD51+ cells exhibited the characteristics of SLCs. Primary Nes-GFP+ cells were isolated from postnatal 7-day-old 
Nes-GFP transgenic mice and the expression of the indicated cell surface markers was analyzed by flow cytometry. (B) Rep-
resentative flow cytometric profiles of CD51+ cells in testis of postnatal 7-day-old C57BL/6 mice. Phase-contrast micrographs 
showed that primary (P0, 4 days after plating) and P1 (7 days after plating) cells in both CD51+ and CD51− cells. Scale bar, 25 
µm. (C) Cultured CD51+ spheres expressed CD51, Nestin, PDGFR-α, LIFR, GATA4 and PH3, but did not express 3β-HSD 
or LHR. Nuclei were counterstained with DAPI (blue). Scale bar, 25 µm. (D) Representative images showing clonal sphere 
growth derived from single cells, which were observed by bright field microscopy. Scale bar, 10 µm (days 1 and 2) and 25 µm 
(days 4 and 10). (E) Frequency of sphere formation from single cell-derived CD51+ cells was equivalent in the primary and 
secondary spheres (n = 4). Data are expressed as the mean ± SEM. (F-H) Representative images showed that clonally ex-
panded CD51+ cells differentiated into adipocytes (oil red) (F), osteocytes (alizarin red) (G), and chondrocytes (toluidine blue) 
(H). Scale bar, 50 µm. (I) CD51+ cells were tested by immunofluorescence staining with 3β-HSD, P450c17, P450scc, LHR, 
StAR, SF-1 and GATA4 7days after differentiation in DIM. BF, bright field. Scale bar, 25 µm. (J) Differentiated CD51+ cells 
were examined by RT-PCR analysis for expression of LC-related genes, 3β-HSD, StAR and LHR. (K) Testosterone produc-
tion was measured in culture medium 0, 3, 5, 7 days after LC differentiation. Data are expressed as the mean ± SEM. n = 6.

LC function, leading to the production of biologically 
active levels of testosterone, which may improve sper-
matogenesis.

CD51 is highly expressed on Nes-GFP+ cells and CD51+ 
cells exhibit the characteristics of SLCs

As Nestin is an intracellular protein, it is useful to 
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identify cell surface markers specific for Nes+ SLCs. We 
screened the expression of the previously reported neu-
ral and mesenchymal stem cell surface markers in Nes-
GFP+ cells derived from testes of postnatal 7-day-old 
mice, including CD51, p75 (CD271)，PDGFR-α，NG2, 
CD146, CD106, CD73, CD44, CD90, Sca-1, CD117, 
CD119, CD11b, and CD45 through flow cytometry. 
CD51 and p75 were highly expressed in Nes-GFP+ cells 
(93.53% ± 3.10% and 74.73% ± 1.89%, respectively). 
Another putative SLC marker, PDGFR-α was expressed 
by 67.89% ± 2.83% of Nes-GFP+ cells. Moreover, two 
known perivascular pericyte markers, NG2 [33] and 
CD146 [34], were expressed in 64.63% ± 3.16% and 
40.38% ± 2.76% of Nes-GFP+ population, respectively. 
Furthermore, the expression of other conventional mes-
enchymal lineage markers (CD106, CD73, CD44, CD90, 
Sca-1, and CD117) was detected in a low percentage 
of Nes-GFP+ cells (< 40%). Moreover, Nes-GFP+ cells 
lacked the expression of hematopoietic cell markers, 
CD11b and CD45 (Figure 10A and supplementary infor-
mation, Figure S8). 

Based on the highest level of CD51 expressed by Nes-
GFP+ cells, we then tested whether CD51 could be a can-
didate marker for SLCs. CD51+ or CD51‾ cells were sort-
ed from testes of postnatal 7-day-old C57BL/6 mice by 
FACS and cultured in SLC expansion medium. One day 
after culturing in ultra-low adherence dishes, CD51+ cells 
adhered to the plastic, presented a spindle-shaped mor-
phology and then were able to form non-adherent prima-
ry spheres 7 days after first passage, displaying a similar 
phenotype to Nes-GFP+ cells (Figure 10B). In contrast, 
CD51‒ cells did not proliferate for more than two pas-
sages. In addition, immunofluorescence staining further 
demonstrated that CD51+ cells also highly expressed 
Nestin, PDGFR-α, LIFR, GATA4 and PH3, but did not 
express the LC markers, 3β-HSD and LHR (Figure 10C). 
To demonstrate the self-renewal capacity of the CD51+ 
cells, we carried out a single-cell sphere formation assay 
in which single-cell suspensions derived from P5 were 
used. The primary and secondary clonogenic efficiency 
of the CD51+ cells were 16.89% ± 2.09% and 15.78% ± 
3.22%, respectively (Figure 10D and 10E). These results 
suggest that similar to Nes-GFP+ cells, CD51+ cells were 
highly clonogenic and exhibited the capacity of self-re-
newal in vitro. 

Furthermore, clonally expanded CD51+ cells were in-
duced to differentiate under lineage-specific differentia-
tion conditions, these cells showed robust differentiation 
potential, including adipogenic, osteogenic, and chon-
drogenic ability (Figure 10F-10H). Notably, in the LC 
differentiation medium, CD51+ cells efficiently differen-
tiated into LCs as shown by the expression of 3β-HSD, 

P450c17, P450scc, LHR，StAR，SF-1, and GATA4 
(Figure 10I). Moreover, RT-PCR analysis demonstrated 
the upregulated expression levels of the LC lineage genes 
3β-HSD, StAR, and LHR (Figure 10J). In addition, tes-
tosterone production progressively increased and peaked 
on day 7 (Figure 10K). Taken together, these results sug-
gest that CD51 can serve as a specific cell surface marker 
for SLCs. 

Discussion

In this study, we sought to examine whether Nestin 
can serve as a novel marker for the identification and 
isolation of SLCs. We isolated Nes-GFP+ cells from the 
testes of Nes-GFP transgenic mice, and found that these 
cells had characteristics consistent with SLC populations 
isolated by conventional methods [9, 10]. Nes-GFP+ cells 
not only proliferated continuously, but also showed high-
ly clonogenic potential, which suggests that Nestin-posi-
tive SLCs were capable of self-renewal. Moreover, Nes-
tin-positive SLCs not only were capable of differentiation 
into testosterone-producing LCs, but also showed the 
neural and mesenchymal lineage differentiation potential. 
In addition, when transplanted into the testes of LC-dis-
rupted or aging animal models, the Nes-GFP+ cells could 
colonize the interstitium, differentiate into LCs, partially 
recover testosterone production and improve spermato-
genesis. Our findings provide new insight into the devel-
opment of cell replacement therapies for the treatment of 
the patients with testosterone deficiency or decline.

The intermediate filament protein Nestin is a widely 
employed marker of multipotent neural stem cells (NSCs), 
and we have previously shown that Nestin is important 
for the survival and self-renewal of NSCs during em-
bryonic development [35]. In adults, Nestin expression 
is frequently detected in areas of regeneration, such as 
neural progenitors, mesenchymal stem cells, hair follicle 
stem cells and myogenic cells, where Nestin-positive 
cells might function as a reservoir of stem/progenitor 
cells capable of proliferation and differentiation. Da-
vidoff et al. [14] first proposed that Nestin might be a 
candidate marker for LC progenitor cells, but this study 
did not demonstrate that isolated cells are capable of 
self-renewal and differentiation in vitro. Previous stud-
ies have reported methods of isolating SLCs, including 
selection based on side population [8], Percoll gradient 
centrifugation, and cell surface marker expression [9]. 
However, these approaches have limitations: only a small 
number of cells can be isolated, and these methods can 
result in heterogeneous populations. To overcome these 
hurdles, we tried a different approach. We first demon-
strated that the expression pattern of Nestin largely over-
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lapped with that of the putative SLC markers PDGFR-α 
and LIFR in the testis; therefore, the Nes-GFP+ cells were 
selected on the basis of GFP expression using FACS. 
These cells could be expanded in culture for months, and 
displayed all of the characteristics of SLCs. Collectively, 
we demonstrated a simple and efficient approach to pro-
spectively isolate SLCs.

Remarkably, under appropriate culture conditions, 
both non-clonal (non-single cell-derived) and clonal (sin-
gle cell-derived) Nes-GFP+ SLCs could differentiate into 
steroidogenic adult LCs capable of testosterone synthe-
sis. Additionally, these cells could differentiate into neu-
ral and mesenchymal lineage cell types, such as neurons, 
astrocytes, osteoblasts, adipocytes, and chondrocytes. 
The clonogenicity and multilineage differentiation poten-
tial of the Nes-GFP+ SLCs have not yet been reported for 
SLCs in the literature [9, 10]. These differentiation prop-
erties were very similar to the characteristics of the neu-
ral crest stem cells (NCSCs), which have multilineage 
differentiation capacity and have been derived from bone 
marrow, dorsal root ganglia, skin, and oral mucosa lam-
ina propria [36-39]. A number of previous studies also 
hypothesized that many properties of LCs and their pro-
genitors were compatible with a neural crest origin based 
on the high levels of Nestin expression in adult NCSCs 
[14, 15, 40, 41]. To address this issue, we detected the 
expression of the neural crest marker p75 and found that 
it was co-expressed with Nestin in both the interstitial 
testis and in cultured Nes-GFP+ spheres (Supplementary 
information, Figure S9), providing evidence of the de-
velopmental origin of LCs. Genetic lineage tracing (Cre-
lox recombination) of the neural crest derivatives would 
provide more information on the origin of LCs.

Testosterone is essential for spermatogenesis, fertility, 
and the maintenance of the male phenotype. To date, tes-
tosterone replacement therapy has not proven to be fully 
satisfactory for male hypogonadal patients as the avail-
able testosterone formulations are unable to reproduce 
the physiological patterns of testosterone secretion [42]. 
As an alternative, SLCs have the potential to reverse the 
age-related declines in testosterone levels in aging men 
and to stimulate reproductive function in hypogonadal 
males as a physiological means of androgen replacement 
[10, 16]. The putative SLCs should have the ability to 
colonize the interstitium and subsequently differentiate 
in vivo. Our experiments showed that transplanted Nes-
GFP+ cells colonized the testicular interstitium, differen-
tiated into LCs, partially rescued testosterone production, 
and facilitated meiotic and early post-meiotic spermato-
genic recovery. These observations were further con-
firmed by the mouse senescence model. In the rat model, 
although the transplantation of Nes-GFP+ cells partially 

recovered the testosterone production, the serum testos-
terone levels still remained relatively low compared with 
the normal group (Supplementary information, Figure 
S5). We speculate that it might be due to the species 
difference. We injected the mouse PKH26-labeled Nes-
GFP+ cells into EDS-treated rat testis; although the trans-
planted cells colonized the interstitial area, the rat testis 
might not be the optimal microenvironment for mouse 
SLCs. It is worthy to note that EDS treatment does not 
deplete adult mouse LCs, it is possible that the trans-
planted Nes-GFP+ cells support or enhance the function 
of the “existing endogenous” LC population, indirectly 
increasing testosterone production. Because one of the 
mechanisms for adult stem cell therapy is paracrine-me-
diated action for the recovery of the tissue injury [43-45], 
whether or not transplanted Nes+ SLCs could enhance re-
covery of endogenous LCs needs to be elucidated in the 
future studies. 

Because Nestin is an intracellular intermediate fil-
ament protein, it is difficult to use it as a marker to 
prospectively isolate SLCs in non-transgenic animal or 
human samples. It is important to find surface markers 
specific for Nes+ cells. Here we identified that Nes-GFP+ 
cells highly expressed CD51 (93.53% ± 3.10%) and 
found that the CD51+ cells could continuously proliferate 
and exhibited self-renewal and multilineage differentia-
tion ability. More importantly, similar to Nes-GFP+ SLCs, 
CD51+ cells could differentiate into mature LCs and 
produce testosterone in vitro. These results suggest that 
CD51 might be a specific cell surface marker for SLCs. 
In addition, p75 was also highly expressed by testis Nes-
GFP+ cells (74.73% ± 1.89%). Whether it can serve as 
another marker for SLCs needs to be further studied. 

In conclusion, we have identified nestin as a poten-
tial marker of SLCs. Additionally, Nes-GFP+ cells can 
be efficiently enriched from neonatal testes and exhibit 
self-renewal and multilineage differentiation potential. 
Moreover, transplanted Nes-GFP+ cells appeared to col-
onize the host interstitium and differentiated into func-
tional testosterone-producing LCs to partially rescue 
spermatogenesis. Thus, this study provides groundwork 
for SLC isolation, which would shed new light on the de-
velopment of cell replacement therapies for testosterone 
deficiency or decline in male patients.

Materials and Methods

Animals
The homozygous transgenic mice that express enhanced 

GFP under the control of the Nestin promoter (Nes-GFP) in the 
C57BL/6 genetic background were provided by Dr Masahiro Ya-
maguchi [46]. C57BL/6 mice and Sprague-Dawley rats were pur-
chased from the Animal Center of Sun Yat-sen University (Guang-
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zhou, China). All animal studies were carried out in accordance 
with the guidelines of the Sun Yat-sen University Institutional 
Animal Care and Use Committee.

Isolation and culture of Nestin-positive cells from Nes-GFP 
transgenic mice

The testes were dissected from 7-day-old Nes-GFP or C57BL/6 
mice, and the tunica albuginea was carefully removed from each 
testis and minced into small pieces. The interstitial cells were 
then dissociated from the seminiferous tubules by digestion with 
1 mg/ml collagenase type IV (Invitrogen) in Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 (Invitrogen) at 37 °C for 15 min. 
After adding DMEM containing 5% fetal bovine serum (FBS, 
Hyclone) to stop the collagenase activity, the samples were centri-
fuged at 1 500 rpm for 5 min at room temperature; the pellets were 
washed twice with phosphate-buffered saline (PBS), resuspended 
in PBS, and filtered through a 45 µm filter，thereby excluding 
seminiferous tubules from the preparation. The suspension was 
passed through a 20 µm strainer, which resulted in single cells. 
GFP-expressing cells that exhibited fluorescence intensities ~10-
fold greater than the autofluorescence of cells from C57BL/6L 
mice were enriched by FACS using an Influx Cell Sorter (Becton 
Dickinson) and were cultured in ultra-low adherent dishes (Corn-
ing). The expansion medium adapted for SLC culture [9] was pre-
viously published and was used with modifications; this medium 
consisted of DMEM/F12 (1:1; Gibco) supplemented with 1 nM 
dexamethasone (Sigma), 1 ng/ml LIF (Millipore), 5 μg/L insu-
lin-transferrin-sodium selenite (ITS, Sigma), 5% chicken embryo 
extract (US Biologicals), 0.1 mM -mercaptoethanol (Invitrogen), 
1% non-essential amino acids (Hyclone), 1% N2 and 2% B27 sup-
plements (Invitrogen), 20 ng/ml basic fibroblast growth factor (In-
vitrogen), epidermal growth factor (PeproTech), platelet-derived 
growth factor (PeproTech), and oncostatin M (PeproTech). The 
cultures were kept at 37 °C in a humidified 5% CO2 water-jacketed 
incubator. The medium was changed every 3 days.

RNA isolation and quantitative real-time and reverse tran-
scription PCR

Total RNA from the testes or cells was extracted using an 
RNeasy mini kit (Qiagen) according to the manufacturer’s pro-
tocol. Reverse transcription reactions were performed using mu-
rine leukemia virus reverse transcriptase and oligo-dT primers 
(Fermentas). Conventional PCR was performed using LC Taq 
(Fermentas). Real-time PCR was performed using the Thunder-
bird SYBR qPCR Mix (Toyobo) according to the manufacturer’s 
instructions. Signals were detected using a Light Cycler 480 De-
tection System (Roche). The primer sequences are listed in Sup-
plementary information, Table S1.

Flow cytometry
Primary testicular cells derived from postnatal day 7 Nes-GFP 

or C57BL/6 mice were used for flow cytometry analysis. For the 
identification of surface markers, the cells were incubated for 20 
min with flow cytometry buffer (1% BSA in PBS) on ice and were 
subsequently incubated for 30 min with primary and secondary 
antibodies in the dark on ice at 4 °C. Each analysis was performed 
on at least three separate cell preparations. The primary and sec-
ondary antibodies are listed in Supplementary information, Table 
S2.

Clonal sphere formation assay
Dissociated single-cell suspensions of Nes-GFP+ cells were 

diluted to a density of 500 cells/ml, after which 2 µl/well of the 
diluted cell suspension was plated in ultra-low attachment 96-well 
plates (Corning); 150 µl of expansion medium was added to each 
well. Wells containing only one cell were marked and observed 
every day. Spheres were defined as free-floating spherical struc-
tures with a diameter > 50 µm. Subsequently, primary spheres (day 
10) were dissociated into single cells and replated under the same 
culture conditions as those used for the growth of primary spheres 
to generate secondary spheres. All spheres in a given well were 
counted, and the results were expressed as a percentage of the plat-
ed cells.

Cell proliferation assay
Cells were seeded into 96-well plates at a density of 2 500 

cells/well. Proliferation was examined using CCK8 kits (Dojindo 
Laboratory) according to the manufacturer’s instructions. The ab-
sorbance at 450 nm was measured with a reference wavelength of 
630 nm. All assays were repeated eight times. A calibration curve 
created from average values obtained from six different known cell 
densities was used to evaluate the proliferation ability of the Nes-
GFP+ cells.

In vitro differentiation of Nes-GFP+ cells
Osteogenic differentiation Nes-GFP+ cells were cultured in 
α-MEM (Invitrogen) containing 20% FBS, 100 µg/ml ascorbic 
acid (Sigma), 100 nM dexamethasone (Sigma), 10 mM β-glyc-
erophosphate (Sigma), and 100 IU/ml penicillin/streptomycin 
(Invitrogen). The cells were fed every third day and maintained in 
culture for 4 weeks. The osteogenic-differentiated cells were fixed 
and stained with Alizarin red S to detect the presence of calcium, 
as previously described [47].

Adipogenic differentiation Adipogenic differentiation was in-
duced by culturing cells in high-glucose DMEM supplemented 
with 100 nM dexamethasone (Sigma), 10 µg/ml insulin (Sigma), 0.2 
mM indomethacin (Sigma), 0.5 mM 3-isobutyl-1-methylxanthine 
(Sigma), 10% FBS and 100 IU/ml penicillin-streptomycin. The 
cells were maintained in culture for 4 weeks and were fed every 
third day. The adipogenic-differentiated cells were confirmed by 
Oil red O staining, as described previously [47].

Chondrogenic differentiation Chondrogenic differentiation was 
induced using a cell pellet culture system as previously described 
[48]. In brief, the Nes-GFP+ cells were suspended in a 15 ml 
conical tube containing 2 ml of induction medium consisting of 
DMEM (Invitrogen) with 3% FBS, 10 ng/ml tumor growth fac-
tor (TGF)-β3 (PeproTech), 1× ITS (Sigma), and 1 mM pyruvate 
(Sigma). The cells were fed every third day for 4 weeks, and the 
chondrocytes were identified by toluidine blue (Sigma) staining, as 
described previously [49].

Neurogenic differentiation Neural differentiation of the Nes-
GFP+ cells was induced by plating cells onto poly-D-lysine/
laminin-coated 24-well plates in N2B27 medium containing 10 
ng/ml brain-derived neurotrophic factor and 10 ng/ml neurotro-
phin-3 (PeproTech), and the cells were maintained for 2 weeks. 
For astroglial differentiation, the Nes-GFP+ cells were exposed to 
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1% FBS and bone morphogenic protein (BMP)-4 (10 ng/ml; Pe-
proTech) in N2B27 medium for 7 days [50]. At each experimental 
endpoint, the differentiated cells were identified by immunostain-
ing using the Tuj-1 and GFAP antibodies shown in Supplementary 
information, Table S2, or total RNA was extracted for RT-PCR 
analysis.

LC differentiation For LC lineage differentiation, the Nes-GFP+ 
cells were replated in fresh differentiation-inducing medium con-
taining phenol red-free DMEM/F12, 2% FCS, 10 ng/ml PDGF-
BB (PeproTech), 1 ng/ml LH (PeproTech), 1 nM thyroid hormone 
(PeproTech), 70 ng/ml insulin-like growth factor 1 (IGF1, Pepro-
Tech), and ITS supplement (Sigma), and they were incubated for 7 
days, as previously described [9]. Differentiation was subsequently 
confirmed by RT-PCR and immunostaining for LC lineage mark-
ers (antibodies shown in Supplementary information, Table S2).

Testosterone concentration assay
The cell culture supernatants and sera were collected at each 

experimental time point for the quantitative determination of tes-
tosterone. Testosterone levels were measured using a commercial-
ly available ELISA kit (R&D Systems, Minneapolis, MN, USA), 
according to the manufacturer’s instructions.

Nes-GFP+ cell transplantation
For evaluating whether Nes-GFP+ cell injection could facilitate 

the recovery of LC dysfunction, the Nes-GFP+ cells were washed 
with PBS and stained with the red fluorescent dye PKH26 (Sig-
ma) according to the manufacturer’s instructions. Sixty 3-month-
old, twelve 22-month-old male C57BL/6 mice, and eighteen rats 
(n = 6 for each group at each time point) were used in this study. 
EDS was provided by Dr Renshan Ge (Wenzhou Medical College) 
and was injected intraperitoneally with either a single dose of 160 
(mice) or 75 (rats) mg/kg body weight. This treatment resulted in 
the elimination of LCs in the adult testis within 4 days of treatment 
in rats [51]. Approximately 1 × 106 PKH26-labeled Nes-GFP+ cells 
in 20 µl of PBS were injected into the parenchyma of the recipient 
testes 4 days after the 3-month-old mice or rats had received EDS 
or into the parenchyma of the testes in 22-month-old mice. The 
control animals for the experimental group were EDS-treated mice 
or rats and 3-month- or 22-month-old normal mice that received a 
testicular injection of the same volume of saline. Testes and sera 
from all animals were tested 0, 4, 7, 10, 12, and 14 days after EDS 
treatment and were examined by qRT-PCR or histological analysis 
and testosterone concentration measurements.

Tissue and cell preparations
Nes-GFP mice (postnatal days 0, 7, 14, 28, and 90) and 

EDS-treated or cell transplanted 3- and 22-month-old C57BL/6 
mice or rats were anesthetized with ketamine (150 µg/g) and xyla-
zine (30 μg/g, Sigma) and then testes were dissected. For immuno-
fluorescence staining, testes fixed with 4% paraformaldehyde (PFA) 
in PBS were cryo-embedded in optimal cutting temperature medi-
um (Sakura Finetek). For H&E histological staining, testes were 
fixed by immersion in Bouin’s fixative and embedded in paraffin. 
Nes-GFP+ spheres were collected at P6 and fixed in 4% PFA for 20 
min at room temperature. The cell spheres were subsequently em-
bedded in OCT medium (Sakura Finetek) for frozen sections. Tes-
tis tissue and cell spheres were sectioned at a thickness of 5 μm. 

Histological analysis
At specific time points, sections were boiled in 0.01 Mcitrate (pH 

6.0) or cells were blocked by incubation in 5% normal serum and 
0.1% Triton X-100 (Hyclone) in PBS for 1 h at room temperature, 
followed by incubation with primary antibodies at 4 °C overnight. 
The sections were then incubated with secondary antibodies at 
room temperature for 1 h. The primary and secondary antibodies 
used are listed in Supplementary information, Table S2. Nega-
tive controls were prepared by substituting PBS for the primary 
antibody. All images were obtained using an LSM710 confocal 
microscope (Zeiss) and were analyzed using the Image J software. 
For quantitative cell analyses, the GFP-, PH3-, SYCP1- and SY-
CP3-positive cells were counted in sections at 400× magnification 
in the Nes-GFP mice (postnatal days 0, 7, 14, 28, and 90) or the 
C57/BL6 mice (EDS-treated or cell-transplanted 3-, and 22-month 
old mice) and rats, respectively. Three sections per slide and 
three slides prepared from the upper-, lower-, and mid-portions of 
the testes per animal were counted in different groups. In inside 
of seminiferous tubules of the testis, the percentages of PH3-, 
SYCP1-, SYCP3-positive cells were counted and divided by the 
total number of cells which excluded elongated spermatids and 
sperm, respectively [52]. The percentage of Nes-GFP+ cells was 
calculated to the number of total cells in testis interstitum.

Statistics
All data are presented as the mean ± SEM obtained from at 

least three independent experiments. Comparisons between the 
groups were performed using a one-way analysis of variance 
(ANOVA) with Newman-Keuls post hoc comparison. P < 0.05 
was considered statistically significant.
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