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A key step in the investigation of male infertility is the appropriate classification of impaired spermatogenesis.

In this study, we precisely identified Sertoli and distinct germ-cell types in the rat, the mouse, and in the human

testis. As a proof of principle, we studied testis biopsy samples from azoospermic patients with defined

spermatogenic defects. Remarkably, we found that already the numbers of Sertoli cells, spermatogonia and

a subset of spermatogonia including stem cells are significantly reduced in patients with maturation arrest at

the level of primary spermatocytes (n¼ 33) compared with patients with histologically normal spermatogenesis

(n¼ 33). In patients with hypospermatogenesis (n¼ 44) a significant reduction of spermatogonial cell numbers

was observed. The numbers of primary and diplotene spermatocytes were reduced by 84%. However, the

strongest reduction (96%) was revealed in the numbers of spermatids in patients with maturation arrest.

In contrast, patients with hypospermatogenesis showed only modestly reduced numbers of spermatocytes and

spermatids compared with normal spermatogenesis. No correlation was found with age or obstruction. For a

detailed analysis of the patients, we distinguished between ‘pool of founder cells’-related deficiencies (reduced

numbers of Sertoli cells, spermatogonia, and spermatogonial stem cells) and ‘meiotic’ deficiencies (reduced

numbers of spermatocytes, meiotic divisions, and spermatids). Interestingly, patients with maturation arrest

showed meiotic deficiencies (36%), while the majority additionally demonstrated deficiencies in the founder

pool (58%). In contrast, patients with normal spermatogenesis most often had no deficiencies at all (45%) or

founder pool-related deficiencies (33%) but an apparently normal meiosis. This is the first report showing that

many infertile patients face besides meiotic defects the problem of reduced numbers of Sertoli cells,

spermatogonia, and spermatogonial stem cells.
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Infertility affects approximately one in six couples
worldwide. Although the predominant cause
remains controversial, the World Health Organization
(WHO) reports that in 39% of cases, the cause can be
attributed to the female, in 20% to the male and in
26% to both; however, in 15% the cause still

remains unknown.1 Thus, the incidence of male
factor infertility in the general population is B7%
making it more prevalent than diabetes mellitus, a
proportion expected to rise.1

Evaluation of infertile men includes semen ana-
lyses,2 a complete anamnesis and physical examina-
tion,3 cytogenetic evaluation,4 and endocrine
diagnosis.5 Testicular biopsy is indicated in cases
of obstructive and hypergonadotropic azoospermia,
or to exclude testicular neoplasia.1,6 Recently, in a
survey of 1068 bilateral biopsy samples of 534
consecutive patients undergoing fertility assessment
in Copenhagen only 3.2% showed normal histology
and spermatogenesis, while most testicular biopsy
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samples revealed maturation arrest (B34%), hypo-
spermatogenesis (32%), or Sertoli cell only syndrome
(B16%).7

There are numerous studies evaluating the
number of Sertoli cells and several germ-cell types
related to impaired spermatogenesis. Testicular
biopsies of infertile men were shown to exhibit a
moderate reduction in numbers of spermatogonia,8

primary spermatocytes,8–10 and a strong reduction in
numbers of spermatids.8–11 Using a volumetric
approach, no difference was found in the number
of Sertoli cells comparing azoospermic males and
control subjects.9 However, some studies report
about the presence of immature Sertoli cells in
infertile patients.12–14

Further research on human infertility revealed
defects in mitotic divisions of spermatogonia15,16

and defects especially in early meiotic events,
which are thought to have a critical role in male
fertility.17–22 Taken together, all these results suggest
that the three phases of spermatogenesis, prolifera-
tion (spermatogonia), meiosis (spermatocytes), and
differentiation (spermatids), as well as the Sertoli
cells, are involved in germ-cell degeneration/loss in
infertile men.23

It is generally accepted that Sertoli cell numbers
are stable in adult individuals of most species.24

Differences in testis size between species are
explicable by differences in the numbers of Sertoli
cells, however, testis size and sperm count show
a wide individual variation in men, possibly
attributable to the high variation in Sertoli cell
numbers.25 Thus, the Sertoli cell numbers determine
the number of germ cells that can be supported
through spermatogenesis and hence determine the
extent of sperm production.24,26 Nevertheless, some
researchers reported loss of Sertoli cells with aging27

or after vasectomy,28 however, the latter could not be
confirmed.29 But both reports described reduced
germ-cell numbers.28,29

In this study, we have used an antibody-based
approach to quantify spermatogenesis in human
testicular biopsies showing histologically normal
spermatogenesis, hypospermatogenesis or matura-
tion arrest at the level of primary spermatocytes.
Only antibodies yielding consistent results in three
different species (mouse, rat, and human) and two
different detection methods (immunofluorescence
and immunohistochemistry) were chosen. Quantifi-
cation of cell numbers revealed for the somatic cells,
as well as for all spermatogenic cells studied, a
significant reduction in impaired spermatogenesis.

Patients and methods

Patients

From 110 patients testicular biopsy samples were
obtained between 2004 and 2009. Testicular biopsy
was indicated because of normogonadotropic
obstructive or non-obstructive azoospermia. After

written informed consent, biopsy samples were
taken under general anesthesia. The study has been
approved by the Ethics Committee of the Medical
Faculty of the Justus-Liebig-University, Giessen,
Germany (75/00 and 56/05).

Specimens were fixed in Bouins solution and
embedded in paraffin. After staining 5-mm sections
with hematoxylin and eosin, spermatogenesis was
histologically evaluated according to the scoring
system of Bergmann and Kliesch.6 The patients were
classified into histologically normal spermatogen-
esis (n¼ 33; median age 38, range 19–52; mean score
9.9, range 9–10), hypospermatogenesis (n¼ 44;
median age 35, range 18–63; mean score 8.5, range
4–10), and maturation arrest at the level of sperma-
tocytes (n¼ 33; median age 34, range 24–56; mean
score 0.3, range 0–5).

Animals

Samples were taken from C57/Bl6 mice (Mm-C57/
Bl6/GFP-PTS1) for immunofluorescence or from
C57 Black J6 mice (Jackson) or Sprague Dawley rats
for immunohistochemistry with the approval of the
Committee on Ethics of Animal Experimentation,
Giessen, Germany.

Characteristics of the Antibodies for
Immunohistochemistry and Immunofluorescence

In this study, we used antibodies for the detection of
proteins specific for certain cell types inside the
tubules (Table 1). According to the immunohisto-
chemical characterization, cells of the seminiferous
tubules were classified. Sertoli cells were identified
by the presence of the androgen receptor (AR).
In most species, the AR is exclusively localized in
Sertoli cells inside the seminiferous tubules.30

For characterization of a subset of spermatogonia
including the spermatogonial stem cells, we used

Table 1 Antibodies used for quantification

Protein Dilution IHC Dilution IF Source

AR 1:100 (mouse) 1:1000 Santa Cruz, N-20
1:100 (rat) Polyclonal
1:50 (human)

UTF1 1:200 (mouse) 1:200 Millipore, 5G10.2
1:200 (rat) Monoclonal
1:200 (human)

Smad3 1:300 (mouse) 1:800 EnoGene, Ab-208
1:400 (rat) Polyclonal
1:400 (human)

H3S10P 1:400 (mouse) 1:800 Millipore, 06-570
1:400 (rat) Polyclonal
1:400 (human)

CREM 1:100 (mouse) 1:300 Dako, X-12
1:100 (rat) Polyclonal
1:100 (human)

Abbreviations: IF, immunofluorescence; IHC, immunohistochemistry.
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the undifferentiated embryonic cell transcription
factor (UTF1) as a marker. UTF1 is a chromatin-
associated transcriptional repressor, which is
reported to be present in pluripotent stem cells31

as well as in a subset of early A spermatogonia in
rat32 and human testis.33,34 Detection of primary
spermatocytes was carried out with Smad3, because
in the testis of adult rats Smad3 is strongly
expressed in pachytene spermatocytes, but rarely
in spermatids.35,36 Meiotic divisions were analyzed
with histone H3, which becomes phosphorylated at
serine 10 (H3S10P) in late diplotene of meiosis of
mouse and rat testis;37,38 however, the precise
function of this phosphorylation is not known either
for mitosis or meiosis.39 Round spermatids were
pointed out by the presence of the cAMP response
element modulator (CREM), which is a transcription
factor functioning as a key component of spermio-
genesis.40 In the testis of rat, mouse, and men CREM
is exclusively localized in round spermatids,41–43

whereas in testis of monkeys CREM can be detected
additionally in pachytene spermatocytes.43

Immunohistochemistry

Immunohistochemistry of 5-mm sections of
bouin-fixed, paraffin-embedded specimen was per-
formed as published.44 The Envision System from
DAKO (Hamburg, Germany) was used according to
the manufacturer‘s instructions combined with DAB
staining and counterstaining with hematoxylin. The
used antibodies are shown in Table 1. Digital images
were obtained with the inverse microscope FSX100
(Olympus) using the Olympus FSX-BSW software.
Images were processed with Adobe Photoshop 7.0.

Fluorescence Microscopy of Cryosections from Mouse
Testis

For fluorescence microscopy of cryosections, testes
of C57/Bl6 mice (Mm-C57/Bl6/GFP-PTS1) were
fixed by perfusion with 4% paraformaldehyde,

0.1M HEPES, pH 7.4 and subsequently immersed
in 10, 20, and 25% (w/v) sucrose solution, each for
about 4 h. The tissue was frozen in isopentane at
�301C and stored at �801C. Cryosections of about
10–14 mm were cut using a Microm HM5000 (Zeiss,
Wetzlar, Germany). For immunohistochemistry,
tissue sections were incubated with 10% (v/v)
Roti-Block (Roth, Karlsruhe, Germany) in PBS for
1h to reduce nonspecific binding of antibodies.
Sections were further incubated with primary
antibodies as indicated in Table 1 in 10% (v/v)
Roti-Block in PBS for 1 h at room temperature. After
extensive washing with PBS, tissue sections were
incubated with a secondary antibody (Cy3-conjugated
goat anti rabbit IgG, diluted 1:300, Sigma, Taufkirchen,
Germany) suspended in PBS for 1 h to visualize
immune complexes. For labeling of DNA, the
sections were incubated in PBS supplemented with
1mg/ml 40,6-Diamidino-2-phenylindole (DAPI,
Gibco BRL) for 1h at room temperature. Sections
were washed in PBS and mounted with 50%
glycerol in PBS containing 1.5% (w/v) n-propyl
gallate. Specimens were analyzed using a Leica
DMRE fluorescence microscope with standard
filters for detection of Cy3 and DAPI. Digital images
were obtained with a Nikon DXM1200F digital
camera using the Nikon ACT-1 software. Images
were processed with Adobe Photoshop 7.0.

Quantification and Statistical Methods

The numbers of Sertoli and germ cells were obtained
from at least 10 tubular cross-sections per specimen
representing normal spermatogenesis, hyposperma-
togenesis, and maturation arrest for each staining.
Values from each experiment were used for calcula-
tion of the means and their respective standard
errors of the mean (s.e.m.). For each quantification a
cut-off value was defined (Table 2, Supplementary
Table S1).

Values below the specific cut-off were defined as
deficient. According to the specific combination of

Table 2 Quantification of Sertoli and germ cell numbers in men with fertility problems

Sertoli cells Spermatogonia SSC Spermatocytes Meiotic divisions Spermatids

NSP Hyp MA NSP Hyp MA NSP Hyp MA NSP Hyp MA NSP Hyp MA NSP Hyp MA

Mean 19.7 19.7 14.5 20.3 15.5 11.1 7.4 6.7 2.1 16.3 8.3 2.6 1.06 1.03 0.2 20.4 18.9 0.6
s.e.m. 1.2 0.7 0.9 0.8 0.6 0.8 0.5 0.4 0.2 1 0.5 0.5 0.1 0.07 0.03 1.4 1.3 0.2
n 33 44 33 33 44 33 33 44 33 33 44 33 33 44 33 33 44 33

P-values
NSP/Hyp ns 0.001 ns ns ns ns
NSP/MA 0.05 0.001 0.001 0.001 0.001 0.001
Hyp/MA 0.001 0.01 0.001 0.001 0.001 0.001
Cut-off 16 16 3.75 8.6 0.51 10.9

Abbreviations: Hyp, hypospermatogenesis; MA, maturation arrest; ns, not significant; NSP, normal spermatogenesis; SSC, spermatogonial stem
cells.
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deficiencies, each patient was classified in three
groups: mainly meiotic deficiencies, founder pool-
related deficiencies, or both. The innovation of this
system of classification is the distinct recognition of
patients who face meiotic problems in combination
with a deficient pool of founder cells, especially
reduced numbers. We think that it is not sufficient
to quantify meiotic deficiencies without considering
that many patients with impaired spermatogenesis
enter meiosis with reduced cell numbers compared
with patients with normal spermatogenesis.

The non-parametric test from Mann–Whitney and
Dunn was used to analyze the differences between
the experimental groups. P-values below 0.05 were
considered statistically significant. Correlation of
the data with age was performed with the linear
regression.

Results

Identification and Evaluation of Intratubular Markers

To obtain highly specific markers for identification
of Sertoli and germ cells, we tested many antibodies
from which only antibodies against proteins with a
well-defined localization pattern were chosen
for further evaluation of human biopsy samples.
Detection of Sertoli cells was performed using
the AR as a marker in mouse, rat (Figure 1), and
human testis (Figure 2). UTF1 was detected in a
subset of spermatogonia (Figures 1 and 2). Smad3
was mainly found in the cytoplasm of pachytene
spermatocytes (Figures 1 and 2). Diplotene sperma-
tocytes of late meiosis could be identified by the
presence of H3S10P in the nucleus (Figures 1 and 2).
For detection of round spermatids, we used an
antibody against CREM that showed an exclusive
nuclear staining (Figures 1 and 2). All three species
studied showed similar protein localizations.

Quantification of Sertoli and Germ Cells in Human
Biopsy Samples

Quantification showed a significant reduction of
Sertoli cells by 26.6% and of all spermatogonia by
45.3% in men with maturation arrest compared
with patients with histologically normal spermato-
genesis (Table 2). In men with hypospermatogenesis
only the numbers of spermatogonia are reduced
by 23.6% (Table 2). Because of the unexpected result
of reduced numbers of spermatogonia in cases
with maturation arrest, we hypothesized that the
reduction may be due to diminished numbers of the
stem-cell population. To date, only GPR125 (ref. 45)
and UTF1 were described as stem-cell markers in
the rat and in the human testis.32,33 As shown
in Table 2, the numbers of undifferentiated UTF1-
positive spermatogonia is strongly and significantly
reduced by 68.5% in cases with maturation arrest

and reduced by 10.3% in cases with hyposperma-
togenesis.

Analysis of meiosis and the outcome of meiosis
was carried out using antibodies specific for Smad3
(spermatocytes), H3S10P (meiotic divisions), and
CREM (spermatids). In cases of hypospermatogen-
esis, we found a reduction of spermatocytes (49%),
cells in meiotic division (3%), and spermatids (9%;
Table 2). In contrast, in cases of maturation arrest
quantification demonstrated a significant reduction
of spermatocytes (84%), cells in meiotic division
(80%) and spermatids (96%; Table 2). Conclusively,
later spermatogenic stages showed a progressive loss
of germ cells in patients exhibiting maturation
arrest. We found no correlation of age or obstruction
to numbers of somatic or germ cells (data not
shown).

Categorization of the Deficiencies in the Patients

Classification of the spermatogenic deficiencies into
‘founder pool’-related deficiencies (Sertoli cells,
spermatogonia, and spermatogonial stem cell) and
into ‘meiotic’ deficiencies (spermatocytes, meiotic
divisions, and spermatids) revealed that only
patients with histologically normal spermatogenesis
(45%) or hypospermatogenesis (25%) did not show
any deficiencies (Figure 3, Supplementary Table
S1). In contrast in cases with maturation arrest,
the majority of patients demonstrated ‘founder
pool’-related defects combined with meiotic
deficiencies (58%). The rest of the patients showed
meiotic defects (36%), whereas only two patients
showed ‘founder pool’-related deficiencies.

Discussion

The aim of this study was to evaluate an array of
antibodies for specific spermatogenic cells of the rat,
the mouse, and the human testis as well as for the
somatic cells inside the seminiferous tubules.
We identified five markers, namely AR, UTF1,
Smad3, H3S10P, and CREM. The localization was
highly similar comparing mouse, rat, and human
testes. These antibodies were used in a proof-of-
principle study to quantify Sertoli cells and germ
cells in patients with histologically normal sperma-
togenesis versus hypospermatogenic patients, and
patients with maturation arrest at the spermatocyte
stage. Most importantly, patients with hyposperma-
togenesis or maturation arrest not only experience
meiotic deficiencies but also additionally reduced
numbers of the founder pool. Thus, it is important to
analyze patients with impaired spermatogenesis for
reduced cell numbers before meiosis in addition to
test for meiotic defects.
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Protein Localization in Sertoli and Germ Cells

The androgen receptor, a member of the steroid
receptor superfamily, is inside the seminiferous
tubules localized exclusively in Sertoli cells, which
mediate the functions of androgens during sperma-
togenesis.30 In most species, the AR is found in the
nucleus of Leydig cells, endothelial cells, peritubular
myoid cells, and Sertoli cells as confirmed in this
study.

Undifferentiated embryonic cell transcription
factor (UTF1) was found in a subset of early
A spermatogonia in rat32 and human testis.33,34 The
expression pattern of UTF1 in undifferentiated
spermatogonia indicates that UTF1 may have a role
in spermatogonial self-renewal and proliferation.
In all three species studied, we identified UTF1 in
the nucleus of a subset of spermatogonia most
probably type A spermatogonia.

Smad3 is one of the main modulators of intra-
cellular signaling of the transforming growth factor-
betas (TGF-bs). On ligand binding of TGF-b1 or
TGF-b2 or TGF-b3 to the high-affinity receptors
transforming growth factor receptor type I and
type II, the receptor kinase activity phosphorylates
Smad2 and/or Smad3 (ref. 46). Together with
Smad4, the complex exerts effects in the nucleus
on gene transcription. In the adult rat testis, Smad3
was predominantly found in the cytoplasm of
pachytene spermatocytes.35,36 In this study, we have
corroborated these data in the rat testis and have
extended these findings to the mouse and the
human testis.

Phosphorylated histone H3 at serine 10 is specific
for diplotene spermatocytes of mouse and rat
testis.37,38 To the best of our knowledge, our study
showed the localization of H3S10P in diplotene
spermatocytes for the first time also in human testis.

In the testis of rat, mouse, and men CREM is found
in round spermatids.41–43 The initial finding
that CREM was reduced or absent in men with
round spermatid maturation arrest42 could not be
confirmed.47,48 In this study, as well as in the study
of Lin et al.,47 patients with spermatocyte matura-
tion arrest showed a strongly reduced number of
spermatids.

Quantification of Sertoli and Germ Cell Numbers

In the literature there is no consensus how quanti-
fication of testicular biopsies with emphasis on
impaired spermatogenesis should be performed. For
example, in infertile men the mean number of

Sertoli cells per tubule varies from 11 to 17
(refs 49–51), while in XYY males the mean Sertoli
cells per tubule was B17 but with a considerable
variation (range 8.4–29 Sertoli cells per tubule).52

In cases with vasectomy or herniorraphy it was
described to be 12 and 13 Sertoli cells per tubule,
respectively.53

Despite this variation the current paradigm states
that the number of Sertoli cells is stable in adult
human males but is highly variable between
individuals.24–26 The loss of Sertoli cells with
aging27 or possibly after vasectomy28 might be
explained by a disturbed Sertoli-cell proliferation
during fetal to peripubertal development.54

However, the Sertoli-cell loss after vasectomy could
not be confirmed.29 In our study we demonstrated
for the first time that patients with maturation arrest
also exhibit reduced numbers of Sertoli cells
compared with cases with histologically normal
spermatogenesis or hypospermatogenesis. Our
results substantiate the current concept that the
Sertoli-cell numbers determine the germ-cell
numbers and hence determine the output of sperm
production.24–26 Additionally, no correlation of the
reduced numbers of Sertoli cells with age or
obstruction was revealed in this study. Because age
is an important factor, we had to choose a similar
narrow age range in the three patient groups, and
thus it was not possible to analyze a high number of
old patients.

Research on spermatogonia revealed a moderate
reduction in numbers of spermatogonia in biopsies
of infertile men,8 possibly due to reduced mitotic
divisions,15,16 or due to accelerated apoptosis as
demonstrated in cases of hypospermatogenesis.55

In this study, we have corroborated these data by
showing a similar reduction in the number of all
spermatogonia in hypospermatogenic patients,
as well as in patients with maturation arrest, but
more importantly, we have shown for the first time
that already a subset of spermatogonia containing
the stem-cell population is significantly reduced in
cases of maturation arrest.

Analysis of meiosis in infertile men showed a
substantial loss of spermatocytes and especially of
spermatids,8–11 which might result from defects in
early meiosis.17–22 Thus, it was concluded that
germ-cell loss is mainly attributable to meiotic
defects.24 Although we confirmed these data, our
detailed analysis of the founder pool-related
deficiencies and the meiotic defects clearly shows
that both aspects are very important for functional
spermatogenesis.

Figure 1 Immunofluorescent (a–e) and immunohistochemical detection (f–o) of AR (a, f, and k), UTF1 (b, g, and l), Smad3 (c, h, and m),
H3S10P (d, i, and n), and CREM (e, j, and o), in adult mouse testis (a–j) and in adult rat testis (k–o). Inside the tubules the AR was found
in the nucleus of Sertoli cells (a, f, and k). UTF1 was detected in a subset of spermatogonia (b, g, and l), whereas Smad3 was localized
primarily in the cytoplasm of pachytene spermatocytes (c, h, and m). Histone H3 phosphorylated at serine 10 (H3S10P) was found
predominantly in diplotene spermatocytes (d, i, and n) and the presence of CREM could be demonstrated mainly in the nucleus of round
spermatids (e, j, and o). DAPI staining for the immunofluorescent detection is given in gray colors. Magnification �200.
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Figure 2 Immunohistochemical detection of AR (a, f, and k), UTF1 (b, g, and l), Smad3 (c, h, and m), H3S10P (d, i, and n), and CREM
(e, j, and o) in biopsy samples from patients with histologically normal spermatogenesis (a–e), hypospermatogenesis (f–j), or maturation
arrest (k–o). Quantification was performed for AR-positive Sertoli cells, all spermatogonia versus UTF1-positive spermatogonia,
Smad3-positive spermatocytes, H3S10P-positive diplotene spermatocytes, and CREM-positive round spermatids. Magnification �200.
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In conclusion, by antibody-based identification
quantification of Sertoli and germ cells in testes of
three species we have corroborated earlier data on
quantification of germ cells. Our thorough analysis
of patients with maturation arrest clearly showed
besides the strongly reduced numbers of primary
spermatocytes, meiotic divisions, and round
spermatids due to mitotic and meiotic defects also
a significant reduction in Sertoli, spermatogonial,
and spermatogonial stem-cell numbers. Thus, we
have developed a new classification system that
allows the distinction of founder pool-related and
meiotic deficiencies. Our findings pave the way
to novel routes of investigation into the role of
Sertoli cells and spermatogonial stem cells in male
infertility.
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