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ABSTRACT
Sertoli cells (SCs) play a crucial role in testis differentiation, development and function, determining the
magnitude of sperm production in sexually mature animals. For over 40 years, it has been considered that
these key testis somatic cells stop dividing during early pre-pubertal phase, between around 10 to 20 days
after birth respectively in mice and rats, being after that under physiological conditions a stable and
terminally differentiated population. However, evidences from the literature are challenging this dogma.
In the present study, using several important functional markers (Ki-67, BrdU, p27, GATA-4, Androgen
Receptor), we investigated the SC differentiation status in 36 days old and adult Wistar rats, focusing
mainly in the transition region (TR) between the seminiferous tubules (ST) and the rete testis. Our results
showed that SCs in TR remain undifferentiated for a longer period and, although at a lesser degree, even
in adult rats proliferating SCs were observed in this region. Therefore, these findings suggest that,
different from the other ST regions investigated, SCs residing in the TR exhibit a distinct functional
phenotype. These undifferentiated SCs may compose a subpopulation of SC progenitors that reside in a
specific microenvironment capable of growing the ST length if needed from this particular testis region.
Moreover, our findings demonstrate an important aspect of testis function in mammals and opens new
venues for other experimental approaches to the investigation of SC physiology, spermatogenesis
progression and testis growth. Besides that, the TR may represent an important site for pathophysiological
investigations and cellular interactions in the testis.
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Introduction

Sertoli cells (SCs) play a crucial role in testis differentiation,
development, and function, particularly on the aspects related
to spermatogenesis.1-3 Furthermore, SCs are one of the key ele-
ments of the spermatogonial stem cells microenvironment
(niche), providing the former with all the necessary substances
regulating their proliferation and differentiation.4-8

The number of SCs in the testis established before puberty
determines the magnitude of sperm production in sexually
mature animals.2,9-11 In this regard, it is well known that SCs in
laboratory rodents proliferate during the fetal and early postna-
tal period of testis development.12-14 For over 40 years, the
accepted paradigm has been that SCs cease to divide and become
an adult, terminally differentiated cell population.3,15,16 How-
ever, suggesting that SCs may still proliferate in some areas of
the testis, even after the stabilization of the tubular diameter and
SC efficiency (number of germ cells per SC) in early puberty, the
testis continues to grow, with significant increases in weigh,
sperm production and tubular length during the post-puberty
period in several mammalian species investigated.16-24 Although
challenging the dogma that SCs do not proliferate in pre-puber-
tal and sexually mature mammals has been controversial, some

mammalian seasonal breeders have been reported to show sea-
son-dependent variations in SC proliferation activity.24-26

In all vertebrates spermatogenesis occurs in the seminiferous
tubules (ST).27 Particularly in mammals, the region that connects
the seminiferous tubules to the rete testis is known as the transition
region or transitional zone (TR)28,29 and very few studies have been
devoted to this particular area of the testis.30-34 Anatomically, it is
considered that this region is composed of morphologically modi-
fied SCs that form a plug-like valve structure on the luminal aspect
of the seminiferous tubules.33,35 Furthermore, few advanced germ
cells are present in the TR,30,31 and according to a recently published
study,36 this region emerges as a potential site or niche for sper-
matogonial stem cells. In their study, the stable and selective main-
tenance of Asingle GFRa1-positive spermatogonia was observed in
the TR, as well as the expression of high levels of GDNF (the
GFRa1 ligand), amajor niche factor produced by SCs.36

In order to better understand SC proliferation/differentia-
tion dynamics in pre-pubertal and adult Wistar rats, in the
present study we investigated several important factors related
to this key testis somatic cell function, particularly in the TR
(Fig. 1). Our findings suggest a distinct behavior/function of a
SCs subset in this region.
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Results

Sertoli cell proliferation markers

As shown in Figure 2, proliferative SCs were found only in
TR in both pre-pubertal and adult rats. The analysis for
Ki-67 revealed that approximately 4% of SCs were prolifer-
ating in this region in pre-pubertal rats on day 36.
Although still proliferating, this activity was significantly
reduced (less than 1%; p < 0.05) in adult rats. The above
pattern was qualitatively confirmed by BrdU immunolabel-
ing (Fig. 3).

Sertoli cell differentiation markers

1P27
In contrast to the proliferative markers, p27 is a protein
that promotes cell-cycle inhibition and is characteristically
expressed in non-proliferative cells. Immunostaining for
p27 showed an opposite pattern (Fig. 4), as p27-negative
SCs were found only in the TR in both pre-pubertal and
adult ages. The vast majority of SCs observed was p27-
positive.

GATA-4

In both ages investigated, SCs not expressing the transcription
factor GATA-4 were found mainly in the TR (Fig. 5). Approxi-
mately 8% of the GATA-4 negative SCs were found in pre-
pubertal rats, while in adults this figure was significantly
reduced (»4%; p < 0.05). In the Cx (connection between semi-
niferous tubules and transition region; please see section 4.3),
very few GATA-4 negative SCs were noted (less than 1%) in
young and in adult rats. All SCs in the other tubular areas
expressed GATA-4 (Fig. 5).

Androgen receptor (AR)

AR expression in SC is associated with the onset of puberty, but
first appears postnatally after all major SC proliferation has
begun to decline significantly.37 AR-negative SCs located in the
TR in pre-pubertal rats were observed frequently, as approxi-
mately one fifth (»17%) of the SCs did not express AR. In adult
rats its expression was halved (around 8%; p < 0.05) (Fig. 6).
Regarding the Cx, very few negative SCs (less than 1%) were
observed in both investigated ages. As expected, all SCs
expressed AR in the other seminiferous tubular areas (Fig. 6).

Immunofluorescence

Double-staining for Ki-67 and AR in the 3 regions showed a
distinct immunolabeling pattern in both pre-pubertal and adult
rats, as all Ki-67-positive SCs were AR-negative (Fig. 7 and 8).
A particularly interesting pattern was exhibited by some peri-
tubular myoid cells in the TR and epithelial cells from the rete
testis, which were positive for the proliferation marker Ki-67 as
well as for AR (Figs. 7 and 8).

Double-staining for Ki-67 and Sox-9 confirmed that the
somatic cells located in the TR epithelium were positive for
both markers (Fig. 9). Considering their nuclear morphology,
location and Sox-9 expression, these somatic cells might be
considered as putative Sertoli cells.

Discussion

This study is the first to report that Sertoli cell proliferation in a
rodent species can occur well beyond the perinatal period and
even into pre-pubertal and adult life. For over 40 years, it has
been reported that Sertoli cell proliferation in the laboratory
rodent peaks just prior to birth and that SCs stop dividing
before puberty, between 15-21 days of age in the rat.12,13,38-40

The potential for SC proliferation beyond the perinatal period

Figure 1. Schematic illustration of the different testicular parenchyma areas investigated in pre-pubertal and adult Wistar rats. The morphological and functional charac-
teristics of Sertoli cells in the transition region (TR) (B), in the area adjacent to the transition region (Cx) (C), and along the other areas of seminiferous tubules (ST) (D)
were evaluated. The Cx area was arbitrarily defined as a region of the ST corresponding to approximately 250 micrometers from the beginning of TR. Each cell type repre-
sented in the above scheme is depicted in the box located at the right side.
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was thought to occur only under specific experimental condi-
tions.24-26,41,42 Nevertheless, it is well known that the testis
increases in size well into adulthood, with a significant increase
in total lengths of the seminiferous tubules, but without a fur-
ther increase in tubular diameter and SC efficiency.19,43 How-
ever, a satisfactory explanation for this tubular lengthening has
not been presented until now. Immature Sox-9 positive SCs,
capable of proliferation, were found in the transition region of

the seminiferous tubules, adjacent to the rete testis. These cells
would permit a slow but continuous growth of the tubules, as
well as the preservation of progenitor SCs that are capable of
extending the period of mitotic activity.

Prior studies of SC proliferation appear to have over-
looked the rete testis junction, as they did not comment on
the transition region.12,13,38 Therefore, it was reasonable for
those studies to conclude that SCs no longer divide after

Figure 2. Ki-67 immunostaining in different testicular areas of pre-pubertal (A-D) and adult (E-H) Wistar rats. Images showing the seminiferous tubules (ST; B and F), the
area adjacent to the transition region (Cx; C and G) and the transition region (TR; D and H). Positive and negative Sertoli cells are indicated respectively by red and green
arrowheads. In TR, Sertoli cells were observed proliferating at 36 and 120 days. The number of proliferating Sertoli cells observed in adults (»1%) are significantly lower
than those found in pre-pubertal rats (»4%) (p < 0.05) (I). As expected, proliferating germ cells were observed in the seminiferous epithelium (yellow arrows). Bar:
50 mm (A and E); 10 mm (B-D, F-H).
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postnatal day 21. Other observations also supported this
traditional view. In the rat, SC differentiation begins
between 14 and 21 days postnatal and is marked by at least
3 key morphological events: an intense proliferation of pri-
mary spermatocytes, formation of the blood-testis barrier
(SCs barrier) and the opening of the seminiferous tubule
lumen due to SC secretions.14,44 Our results also found that
SCs outside the transition region were positive only for dif-
ferentiation markers and at 36 and 120 days of age, only
within the rete testis connection did SCs exhibit markers for
proliferation.

A small portion of SCs within the transition region dis-
played features of being undifferentiated and negative for p27,
GATA-4 and AR. GATA-4 staining of the SC nucleus is an
accepted marker for the differentiating SC.45,46 This transcrip-
tion factor is mainly expressed in Sertoli and Leydig cells and
has been implicated in the development and function of the
mammalian testis, particularly in the regulation of gene expres-
sion and cell differentiation.47,48

In the current study, 5-10% of the SCs in the transition
region did not express GATA-4 at both ages investigated, while
in other regions of the testis, all SCs were positive for this fac-
tor. In the testis, GATA-4 regulates SC differentiation and
function and is required for proper interaction between these
somatic cells and germ cells.45,49,50 In the conditional knockout
of GATA-4, the testis was atrophic, with impairment of sper-
matogenesis and loss of fertility. Most importantly, SCs exhib-
ited altered morphology and had increased permeability at the
blood-testis barrier,45 consistent with an immature phenotype.
Dmrt1 is also under GATA-4 regulation and in the Dmrt1
knockout mouse, SCs failed to complete differentiation and
exhibited over-proliferation.51-53

AR is an inducible transcription factor that regulates gene
expression in response to androgens,54-56 and also serves as a
marker for SC maturation.37 An increase in AR expression in
SC is associated with the general termination of SC prolifera-
tion.57 In contrast, the absence of AR inhibits SC maturation.58

A recent report found that hormonal suppression in men
resulted in an increased SC expression of Ki-67 and PCNA,
which was coincident with a decrease in AR, suggesting that SC
are capable of de-differentiation.24 In the current study, SCs
within the transition region appear to remain undifferentiated
from the perinatal period.

Thyroid hormones (TH) are considered the main regula-
tors of SC proliferation and differentiation.22,23,59-61 TH acts
through the cell-cycle inhibitors p21 and p27,14,62-64 and
serves as an important regulator of AR, increasing its
expression in the rat SC.65 Thus, the presence of a pool of
AR- and p27-negative SCs in the transition region also indi-
cates a small pool of undifferentiated SCs reside in this
unique region.

In conclusion, although it has been accepted for many
years that SCs stop dividing by day 21 in the rodent spe-
cies,12,13,44 data obtained in the present study indicate that
SCs at the seminiferous tubule/rete testis junction, known as
the transition region, express markers for immature and
proliferating cells at 36 and 120 days of age (Fig. 10). It is
possible that this discovery has been delayed due to the fact
that most rodent samples collected for histology are taken
from transverse sections of the testis at the midline, often
overlooking the rete testis region that is located off-center
and more cephalic.66 The current study highlights the need
to include samples from the transition region when testing
for potential effects on SC proliferation. Proliferation
beyond the early postnatal period was thought to occur
only under certain experimental conditions such as hemi-
castration,67 transient hypothyroidism,61 hormonal suppres-
sion,24 SC transplantation,68 and during recrudescence in
hibernating mammals.23,69 However, the data presented
here suggests that SCs within the transition region exhibit a

Figure 3. BrdU immunostaining in the transition region (TR) and in the area adja-
cent to the TR (Cx) in pre-pubertal (A and B) and adult (C) Wistar rats. Proliferating
Sertoli cells were found in TR (red arrowheads), and a cluster of BrdU labeled Ser-
toli cells was found in pre-pubertal rat (B). Negative Sertoli cells are indicated by
green arrowhead (A and C). Proliferating germ cells are shown by yellow arrows.
Bar: 10 mm.
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distinct functional phenotype, long after the differentiation
of SCs located in other regions of the seminiferous tubules.
These undifferentiated SCs may compose a subpopulation
of SCs progenitors that are capable of growing the seminif-
erous tubules if necessary. In this context, several questions
are raised. Is the transition region a potential site for chem-
ical toxicity or the onset of specific diseases? Could these
immature SCs be a site for antigen leakage into rete testis
fluid? Do new germ cell clonal units fill new stem cell
niches that would form after SC division?

Methods

Animals

Twenty Wistar rats (Rattus novergicus; aged 36 and 120 days)
were used in this study. All animal experiments were performed
in strict accordance with the Guidelines for Animal Use and
Experimentation as set forth by the Animal Experimentation

Ethics Committees from the Federal University of Minas Gerais
(Belo Horizonte, Brazil; CEUA 398/2013).

Histology and immunostaining

Rats were sacrificed by pentobarbital overdose (50 mg/Kg BW).
For immunohistochemical staining and according to the spe-
cific antibodies used, testes samples from 16 rats were fixed for
24h in Bouin’s solution or 4% paraformaldehyde (PFA) or 10%
formalin. The samples were then dehydrated in ethanol and
routinely embedded in paraplast. Serial sections (5 mm thick)
from the chosen area were incubated overnight at 4�C with the
following antibodies and dilutions: anti-AR (androgen receptor;
1:50; Santa Cruz Biotechnology, sc-816), anti-GATA4 (1:100;
Santa Cruz Biotechnology, sc-25310), anti-Ki-67 (1:100; Phar-
Mingen, #558615) or anti-p27 (1:50; PharMingen, #554069).
Reactions were visualized using biotin-conjugated secondary
antibodies in combination with the Elite ABC Kit (Vector Lab-
oratories, CA) or using Alexa-488 anti-rabbit/633 anti-mouse

Figure 4. Evaluation of p27 immunostaining in different areas of testicular parenchyma in pre-pubertal (A–C) and adult (D–F) Wistar rats. The transition region (TR) (A and
D), the area adjacent to the transition region (B and E) and along the seminiferous tubules (C and F) were investigated for this cell-cycle inhibitor. All Sertoli cells present
in Cx and ST were positive for p27 (red arrowheads, B–F), whereas negative Sertoli cells (green arrowheads) were observed only in the TR. Bars: 10 mm.
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conjugated secondary antibodies (1:200 dilution; Thermo
Fisher Scientific) - visualized using a Nikon fluorescence micro-
scope (Eclipse Ti). Aiming to simultaneously evaluate the SCs
regarding their proliferative and differentiation status, a dou-
ble-staining for Ki-67 and AR in pre-pubertal and adult rats
was also performed. A double-staining for Ki-67 and Sox-9
(anti-Sox-9; 1:50 dilution; Santa Cruz Biotechnology, sc-20095)
was also performed to demonstrate that Sertoli cells are indeed

able to proliferate in the TR. Additionally, in order to investi-
gate qualitatively SC proliferation activity focusing exclusively
on the S phase of the cell cycle (Ki-67 protein is present during
all active phases of the cell cycle; G1, S, G2, and mitosis), BrdU
(150 mg/Kg BW) was intraperitoneally injected into 4 rats (2
pre-pubertals and 2 adults) 2h before their sacrifice, and this
evaluation was performed using anti-BrdU (1:100 dilution;
PharMingen, #347580).

Figure 5. Evaluation of GATA-4 immunostaining in different testicular areas of pre-pubertal (A–D) and adult (E–H) Wistar rats. Images showing the seminiferous
tubules (ST; B and F), the area adjacent to the transition region (Cx; C and G) and the transition region (TR; D and H). Positive and negative Sertoli cells are indicated
respectively by red and green arrowheads. In TR, about 8% of Sertoli cells do not express GATA-4 in pre-pubertal rats. In adults, the percentage of GATA-4 negative
Sertoli cells are reduced by half (4%; p < 0.05) (I). In the Cx (B, G), few GATA-4 negative Sertoli cells were found in both young and adult rats (less than 1%). Bar:
50 mm (A and E); 10 mm (B-D, F-H). Different small and capital letters represent statistically significant differences between regions (TR, ST or Cx) respectively of
young and adult rats (p < 0.05). Considering the same region, statistically significant differences (p < 0.05) were observed only for TR.
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Quantitative analyses

After immunolabeling following standardized protocols,70,71 the
evaluated samples were photographed at 200x and, according to
the illustration shown in Figure 1, the SC functional markers
were quantified in the TR, in the connection between seminifer-
ous tubules and the TR (Cx; arbitrarily defined as 250 mm of
extension) and along the other ST areas. For Ki-67, AR and
GATA4, the percentage of positive/negative SCs was calculated
in each of the 3 investigated regions and, according to a pilot

study and statistical analysis, at least an area of 50.000mm2 per
region was evaluated. All the stained samples were analyzed
using the image analysis software Image J v.1.45s (Image Proc-
essing and Analysis, in Java) and an Olympus microscope
(BX60).

Statistical analyses

All data were tested for normality and homoscedasticity of the
variances. Quantitative data are represented as the mean §

Figure 6. Evaluation of AR immunostaining in different testicular areas of pre-pubertal (A-D) and adult (E-H) Wistar rats. Images showing the seminiferous tubules (ST;
B and F), the area adjacent to the transition region (Cx; C and G) and the transition region (TR; D and H). Positive and negative Sertoli cells are indicated respectively by
red and green arrowheads. In TR, approximately 17% of Sertoli cells do not express AR in pre-pubertal rats. In adults, the percentage of AR negative Sertoli cells are
reduced by half (8%; p < 0.05) (I). In the Cx (B, G), few AR negative Sertoli cells were observed in both young and adult rats (less than 1%). Bar: 50 mm (A and E); 10 mm
(B-D, F-H). Different small and capital letters represent statistically significant differences between regions (TR, ST or Cx) respectively for young and adult rats (p < 0.05).
Considering the same region, statistically significant differences (p < 0.05) were observed only for TR.
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Figure 7. Double-label immunofluorescence for Ki-67 (A, D) and AR (B, E) in pre-pubertal Wistar rats. As it can be observed, AR positive Sertoli cells are Ki-67 negative
(orange arrow C, F), while Ki-67 positive Sertoli cells are AR negative (white arrowhead C, F). Peritubular myoid cells were observed in TR expressing Ki-67 and AR (blue
arrow C). TR: transition region; Cx: area adjacent to the TR; ST: seminiferous tubules. Bar: 50 mm.

Figure 8. Double-label immunofluorescence for Ki-67 (A, D) and AR (B, E) in adult Wistar rats. As it can be noted, AR positive Sertoli cells are Ki-67 negative (orange arrow
C, F), while Ki-67 positive Sertoli cells are AR negative (white arrowhead C, F). Rete testis epithelial cells were also observed expressing Ki-67 and AR (RT blue arrow C). TR:
transition region; Cx: area adjacent to the TR; ST: seminiferous tubules. Bar: 50 mm.
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SEM (standard error of mean). Analyses were conducted using
the graphics and statistics program PRISM v5.0 (GraphPad
Software, Inc.). Data were assessed by one-way ANOVA for
comparisons within groups followed by Newman-Keuls test in
case of normal distribution, or by Kruskal-Wallis followed by
Dunn’s test in case of nonparametric data. Student’s unpaired
t-test was performed for single comparisons between groups.
Differences were considered statistically significant at p < 0.05.

Abbreviations

AR Androgen receptor
Cx Connection between seminiferous tubules and transition

region
SC Sertoli cell
ST Seminiferous tubules
TR Transition region
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