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Abstract

Testes of hypogonadal (hpg) mice show arrested postnatal development due to congenital deficiencies of
gonadotrophin-releasing hormone (GnRH) and gonadotrophin synthesis and secretion. Follicle-stimulating hormone
(FSH), androgen or oestrogen treatment restore qualitatively normal spermatogenesis in hpg testes. Understand-
ing the cellular and molecular changes accompanying hormone-induced spermatogenesis in hpg mice requires
detailed morphological analyses of the germ cells and Sertoli cells in the untreated hpg testis. We compared semi-
niferous epithelial cytology in adult hpg, immature and adult wild-type mice using unbiased optical disector-based
stereology, immunolocalization of Sertoli cell microtubules (MT), espin (a component of the blood-testis barrier),
markers of Sertoli cell maturity (p274P' and WT-1), and electron microscopy. Hpg testes had marked reductions in
weight, seminiferous cord volume and length, and severe spermatogenic impairment with germ cells per
testis < 1% of adult wild-type testes. Sertoli cell nuclei expressed WT-1 in hpg testes, but often were centrally
located, similar to 9-14-day-old wild-type testes, and they expressed p27“*', indicating that hpg Sertoli cells were
post-mitotic. Hpg testes had significantly (P < 0.05) reduced Sertoli cells per testis (0.56 million) compared with 10-
day wild-type (1.15 million) and adult wild-type testes (2.06 million). Immunofluorescence labelling of normal adult
Sertoli cells showed supranuclear MT columns and basally located espin, but these features were absent in 10-day-
old and hpg Sertoli cells. Hpg Sertoli cells showed pleomorphic nuclear ultrastructure with mature-type nucleoli,
similar to normal adult-type Sertoli cells, but hpg Sertoli cells exhibited incomplete tight junctions that lacked ecto-
plasmic specializations. We conclude that in hpg mice, chronic gonadotrophin insufficiency restrains Sertoli cell
proliferation and maturation, forming pseudo-adult-type Sertoli cells that are incapable of supporting germ cell
proliferation and maturation.
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Introduction

As first reported by Cattanach et al. (1977a) the hypo-
gonadal (hpg) mouse is infertile due to a congenital
deficiency of hypothalamic gonadotrophin-releasing
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hormone (GnRH) synthesis. A deletion in the gene
encoding for GnRH results in the inability to produce
the mature decapeptide (Mason et al. 1986a,b), lead-
ing to a markedly reduced pituitary content of lutein-
izing hormone (LH) and follicle-stimulating hormone
(FSH), and undetectable or barely measurable serum
gonadotrophin levels (Cattanach et al. 1977b; Charlton
et al. 1983). Consequently, ovaries and testes fail to
undergo normal postnatal development (Cattanach
et al. 1977a,b). In adult hpg males, serum androgen
levels are less than 10% of wild-type mice (Singh et al.
1995; Ebling et al. 2000; Haywood et al. 2003), testicu-
lar androgen production is barely detectable (Sheffield
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& O’'Shaughnessy, 1988; Scott etal. 1990) and the
number of Leydig cells per testis in adult hpg mice is
only 10% of normal values (Baker & O’Shaughnessy,
2001). Spermatogenesis in hpg testes is arrested at the
early primary spermatocyte stage, and coupled with a
reduced population of Sertoli cells, the weight of
the hpg testis in adult mice reaches only 5% that of
the age-matched normal testis (Cattanach et al. 19773;
Singh et al. 1995; Ebling et al. 2000). Accurate assessment
of cell types and their numbers in the seminiferous
epithelium provides important data for interpretation
of the physiological regulation of testicular development
and the role of endocrine and local growth factors that
initiate spermatogenesis.

The hpg mouse provides a useful model to study the
cell and molecular biology of spermatogenesis in a
situation of selective withdrawal of gonadotrophic
and androgen hormone support. Importantly, sper-
matogenesis can be activated in hpg testes with exo-
genous GnRH, androgen, oestrogen or FSH (Charlton
et al. 1983; Singh et al. 1995; Handelsman et al. 1999;
Ebling et al. 2000; Allan et al. 2001, 2004; Haywood
et al. 2003). Although other studies have described
the histology of the hpg seminiferous epithelium, a
detailed evaluation of the Sertoli cells is not available.
Quantitative data on individual germ cell types and
Sertoli cells are markedly variable depending upon
the methods applied to the histological sections
(Singh et al. 1995; Handelsman et al. 1999; Baker &
O’Shaughnessy, 2001; Haywood et al. 2003). Significant
differences in cell quantification values of the hpg
testicular phenotype raise difficulties in comparing results
between laboratories and especially for evaluating
control vs. experimental conditions. The proliferation
and maturation of Sertoli cells is critical for normal
germ cell development in the postnatal testis (Sharpe
et al. 2003).

We have examined Sertoli cell maturation in the hpg
testis using novel, unbiased stereological techniques,
electron microscopy and immunolabelling of its cyto-
skeleton, including those components associated with
the inter-Sertoli cell tight junctions. The latter form the
blood-testis barrier as the germ cells enter the process
of meiotic maturation. We used the expression of the
Wilms’ tumour transcription factor (WT-1) as an immuno-
cytochemical marker to assess the distribution of
Sertoli cells in the hpg testis. WT-1 plays an essential role
in gonadal development and sexual differentiation
(Kreidberg et al. 1993; Luo et al. 1994). It is expressed in

fetal Sertoli cells in the mouse, and continues to be
expressed at high levels throughout development (Del
Rio-Tsonis et al. 1996), thereby providing a stable and
robust marker of Sertoli cells. We also investigated the
expression of p27 in the hpg testes. This cyclin-dependent
kinase inhibitor is associated with the inhibition of pro-
liferation in that it disables the cyclin E complexes that
initiate the G1/S transition of the cell cycle, and once Sertoli
cells pass the G1 restriction point they are committed
to completion of the cell cycle (Holsberger et al. 2003).
Whereas rather low levels of p27-immunoreactivity are
detected in immature Sertoli cells (Millard et al. 1997),
intense p27 staining is only found in the nuclei of
post-mitotic Sertoli cells (Beumer et al. 1999; Cipriano
et al. 2001), thereby providing an index of functional
maturation.

The final aim was to quantify the total germ cell
population in the hpg seminiferous epithelium using
the fractionator/optical disector stereological technique
(Myers et al. 2004), which is assumption-free with respect
to cell size, shape or distribution within the seminiferous
epithelium (Wreford, 1995; Wreford et al. 2001). We
compared the data (quantitative, ultrastructure and
immunolabelling) from the hpg mutant with the
normal adult and 10-day-old mouse testis, the last of
these chosen as it is developmentally immature, a
designation assumed to be appropriate to the histological
and functional status of the hpg testis (Singh et al.
1995; Ebling et al. 2000; Allan et al. 2001). The present
study provides baseline information for further quan-
titative studies exploring the hormonal regulation of
Sertoli cells, spermatogonial stem cells and spermato-
genesis in the hpg testis.

Materials and methods

Animals

All studies were carried out in C3H hpg mice from a
breeding colony at the School of Biomedical Sciences,
University of Nottingham, originally derived from a
stock purchased from Jackson ImmunoResearch Labo-
ratories, Inc. (Bar Harbor, ME, USA). Testes from hpg
adults 170-190 days of age (n = 15) were compared
with those from wild-type littermates of hpg mice from
the same colony: 140-190 days of age (n =9), 9 days
old (n = 3), 10 days old (n = 10) or 14 days old (n = 3).
All animal procedures were approved by the University
of Nottingham Local Ethical Review Committee and
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were carried out in accordance with the Animals
Scientific Procedures Act (UK) 1986 (project licence PPL
40/2372).

Tissue collection and processing

For tissues allocated to histological analysis, testes were
excised, trimmed of fat and connective tissue, fixed for
24 h in Bouin’s fluid, weighed and then processed
through graded alcohols into either glycolmetha-
crylate (acrylic) resin (Technovit 7100, Heraeus Kulzer
GmbH, Wehrheim, Germany) or paraffin wax. Testes
embedded in glycolmethacrylate were serially sec-
tioned at 20 um and stained with haematoxylin and
eosin. Paraffin-embedded testes from the contralateral
side were cut at 5um and used for immunofluores-
cence analysis. Testes used for immunocytochemical
studies of p27¢P" and WT-1 expression were obtained
from mice which had been perfused with 4% para-
formaldehyde under terminal sodium pentobarbitone
anaesthesia. These tissues were post-fixed in 4% para-
formaldehyde (PFA) overnight, then processed via
graded alcohols and embedded in paraffin wax. Immuno-
cytochemistry was carried out on tissue sections cut
at 5 um. Testes allocated for epoxy resin embedding
were fixed for 4h in a mixture of 0.1m sodium-
cacodylate-buffered 2.5% glutaraldehyde, 2% formal-
dehyde and 0.1% picric acid. Following post-fixation in
osmium tetroxide, and en bloc staining with uranyl
acetate, tissues were dehydrated and embedded in an
Epon-Araldite mixture. For light microscopy, polymer-
ized blocks were cut at 1 um and stained with toluidine
blue. Ultrathin sections were cut with diamond knives,
stained with lead citrate and uranyl acetate, and exam-
ined with a JEOL 1200cx electron microscope.

Stereology

All stereological measurements and cell estimations
were performed using CAST 2002, Stereological Software
(Olympus, Denmark) on an Olympus BX51 microscope
equipped with an Autoscan stage (Autoscan Systems
Pty Ltd, Melbourne, Australia).

Volumetric analysis of testicular compartments was
performed on glycolmethacrylate-embedded testes
(n = 6) from each of the hpg, 10-day and adult wild-type
mice. A point-counting system was used to measure
volume density V, of seminiferous tubules, seminiferous
epithelium and, if present, tubular lumens. Random
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slides (three per testis) were chosen and testis sections
were traced around using the CAST 2002 stereological
software. An 81-point grid was superimposed over
each section and viewed using a 20x objective lens with
a minimum of ten randomly sampled areas per tissue
section. The number of point (P) intersections super-
imposed on the above components was counted and
the volume of the testicular component V. ucture) Was
obtained by dividing the number of intersection points
on each structure by the total number of points i.e.

Vv(structure) = P(structure)/P(total)'

Volume percentage was calculated by multiplying
Vistructurey PY 100. Volumes of components per testis
were determined by multiplying Vi ucure) Py the whole
testicular fixed volume, the latter being numerically
equal to fixed testicular weight as the specific gravity
of testicular tissue is very close to 1.0.

The diameters of seminiferous tubules were measured
across their shortest axis using a measurement function
in CAST 2002. Three or four diameters were measured
per histological section, and three sections were randomly
chosen over six animals per group. Total tubule length
(L) per testis was then calculated by the equation

Liubuiey = Vi(seminiferous tubule)/nr?

where V,(seminiferous tubule) is the total volume of
seminiferous tubules per testis and r is the average
radius of the tubule.

A fractionator/optical disector design was used to
estimate total germ cell and Sertoli cell numbers in 20-
um stained sections of glycolmethacrylate-embedded
adult and 10-day old wild-type, and adult hpg testes.
Germ cells were identified with the nucleus as a marker,
and Sertoli cells were identified by their characteristic
shape and/or nucleolar and chromatin morphology as
described in the Results section. Germ cells within the
seminiferous epithelium were identified according to
previous classifications (Oakberg, 1956; Russell et al.
1990; Chiarini-Garcia & Russell, 2001). Cell counts were
made using a 100x oil-immersion objective (numerical
aperture = 1.4) on an Olympus BX51 microscope equipped
with an Autoscan stage. Sections were sampled and
germ and Sertoli cell estimates were made using the
CAST 2002 stereological system to generate a sampling
grid and unbiased counting frames as previously
described (Wreford, 1995; Myers et al. 2004).
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Immunofluorescence and immunohistochemistry

Immunofluorescence was performed on 5-um para-
ffin sections prepared on polylysine-coated micro-
scope slides. Sections were dewaxed, rehydrated and
washed in PBS and immersed in 0.01m citric acid
(pH 6.0) for microwave antigen retrieval for 10 min.
After cooling to room temperature, sections were
then washed in PBS and blocked with 300 mwm glycine
in PBS for 10 min, 0.1% Triton X in PBS for 10 min
and incubated in 10% normal goat serum for 20 min.
Primary antibodies diluted in PBS were incubated
overnight (B-tubulin 1:200, espin 1: 100 - both
primary antibodies kindly supplied by Dr Liza
O’Donnell, Prince Henry's Institute of Medical
Research, Clayton, Australia). Sections were incubated
with Alexa Fluor goat anti-mouse IgG secondary
antibodies (fluorophores 488 and 594, Molecular
Probes, Eugene, OR, USA) for 1 h. For labelling nucleic
acids, sections were incubated in DAPI (Sigma-Aldrich,
NSW, Australia) for 15 min, washed in PBS and mounted
with fluorescence mounting medium (DAKO, NSW,
Australia).

Immunoperoxidase histochemistry was carried
out on 5-um paraffin sections that were initially pre-
pared as above. After the antigen retrieval procedure,
sections were incubated for 5 min in 3% hydrogen
peroxide to quench endogenous peroxidase activity,
washed in PBS and incubated in 1.5% normal goat
serum for 30 min. Sections were incubated with the
primary antibodies overnight: p27 mouse monoclonal
antibody (NCL-p27) was obtained from Novocastra
Laboratories (Newcastle, UK) and used at a working
dilution of 1:25. WT-1 rabbit polyclonal antiserum
(sc-192) was obtained from Santa Cruz Biotechnology
Inc (Santa Cruz, CA, USA) and used at a working
dilution of 1:200. Both primary antisera were diluted
in PBS containing 1% Tween 20 and 0.3% bovine
serum albumin (both Sigma, Poole, UK). On day 2,
sections were washed in PBS and incubated in bio-
tinylated secondary antisera as appropriate (Vector
Laboratories, Peterborough, UK), then washed and
incubated with an avidin-biotin—-horseradish peroxi-
dase complex as per the manufacturer’s instructions
(Vectastain Elite kit, Vector Laboratories). Immuno-
reactivity was revealed by incubation in a solution of
diaminobenzidine (Sigma), after which sections were
counterstained with eosin, dehydrated and mounted
in DePeX (Sigma).

Statistical analysis

Statistical analysis was performed using SigmaStat 3.0
(Jandel Scientific, San Rafael, CA, USA). Data for each
group of mice were compared using a one-way ANOVA in
conjunction with Tukey’s post-hoc test. All data are
presented as mean + SEM, and the level of significance
at P < 0.05 is indicated.

Results

General testis morphology

A quantitative assessment of testicular components is
presented in Table 1. Testis weight in hpg mice was less
than half that of 10-day-old mice and only 3% of adult
wild-type testes. Development of seminiferous cords in
hpg testes was markedly impaired in comparison with
normal adults, with cord or tubule diameter, total volume
per testis and cord or tubule length significantly (P < 0.05)
smaller. Hypogonadal testes contained less than 1% of
the total germ cell population of adult wild-type testes
(0.5 vs. 66.3 million per testis, respectively).

Histology

The seminiferous epithelium of the adult wild-type tes-
tis showed cell and tissue architecture expected of full
spermatogenic activity (Fig. 1A). Germ cells of all types
were arranged as a complex stratified epithelium. The
Sertoli cells showed typical mature morphology, notably
large basally located nuclei with a prominent nucleolus

Table 1 Quantitative assessment of testicular components in
adult and 10 day wild-type and adult hpg mouse testes

Adult 10 day hpg
n 6 6-7 6-9
Body weight (g) 28.5+2° 6.5+03°> 27.5+3°
Testis weight (mg) 77.0+8° 53+04°> 23+0.2°
Tubule or cord 222.0+4> 79.0+1°  68.0+2°
diameter (um)
Tubule or cord 72.0+7° 50+0.3° 2.0+0.2°
volume (pL)
Seminiferous epithelium 65.0 +7° 50+0.3° 2.0+0.2°
volume (L)
Total germ cells/testis (10°)  66.3 + 42 2.2+0.8> 05+0.1°
Tubule length (m) 2.0+0.2° 1.0+0.1® 0.6+0.1°

b represent whether a significant difference (P < 0.05) was
observed between different groups.
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Fig. 1 Histology of seminiferous
epithelium in adult wild-type (A-C),
10-day-old wild-type (D-F) and adult hpg
testis (G-1). (A) Adult wild-type
seminiferous epithelium at stage IX of
spermatogenic cycle showing nuclei of
Sertoli cells (S), spermatogonium (SG),
pachytene primary spermatocytes (P)
and early elongating spermatids (SD).
(B) Detail of a mature Sertoli cell nucleus
with a tripartite nucleolus. (C) High-
magnification of A showing leptotene
(L) and pachytene (P) primary
spermatocytes between which is a thin
curvilinear structure (arrow)
representing inter-Sertoli cell junctional
complex. (D) Ten-day wild-type testis
showing basal and central Sertoli cell
nuclei (S), spermatogonia (SG) and
occasional spermatocytes (arrow).

(E) Detail of Sertoli cell nuclei showing
ovoid and angular shapes with small
nucleoli (arrowheads) and
heterochromatin patches (arrows).

(F) Most advanced germ cell type is
occasional primary spermatocytes
showing condensed chromatin (arrows).
(G) hpg testis cord showing basal and
central Sertoli cell nuclei (S),
spermatogonia (SG) and central
confluence of Sertoli cell cytoplasm
(asterisks). Degenerative cellular debris
(arrows) and hydropic-type germ cells
are indicated (arrowhead). (H) Detail of
Sertoli cell nuclei showing large and
double-nucleoli (arrows). () Most
advanced germ cells are zygotene
primary spermatocytes with thickened
chromatin profiles. Scale bars in A, D, G,
=20 um; all others = 10 um.

that in favourable sections is tripartite in structure
(Fig. 1B). In the basal region of Sertoli cell cytoplasm,
thin densely stained curvilinear structures were noted
(Fig. 1C). These represent segments of the inter-Sertoli
cell tight junctions that partition the seminiferous
epithelium into basal and adluminal compartments,
the so-called ‘blood-testis’ barrier.

In the 10-day wild-type testis the seminiferous cords
were typically immature, their diameter being only
one-third of tubules in the adult (79 vs. 222 um, respec-
tively). The seminiferous epithelium occupied the
whole of the cord as no lumen was present (Fig. 1D).
Although the extent of spermatogenic activity was
variable between individual tubule sections, the most
advanced germ cells were zygotene or (uncommonly)
pachytene primary spermatocytes (Fig. 1F). The Sertoli
cells showed a relatively consistent morphology. Their
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nuclei were ovoid or angular, occasionally located close
to the basal lamina but more often displaced centrally
within the cords. Nucleoli consisting of a single clump
of chromatin were noted, together with small patches
of heterochromatin associated with the nuclear mem-
brane (Fig. 1E). These features are characteristic of the
immature Sertoli cell. The central regions of cords were
occupied by confluent regions of Sertoli cell cytoplasm.
Linear or curvilinear structures corresponding to inter-
Sertoli cell junctions were not observed.

Seminiferous cords of the hpg testis were smaller in
diameter compared with the 10-day testis (68 vs. 79 um,
respectively) and showed considerable curvature, as
evidenced by a mixture of longitudinal (Fig. 1G) and cross-
sections. Spermatogenesis had advanced to the zygotene
(and rarely pachytene) primary spermatocyte stage
(Fig. 11). Products of cell degeneration and hydropic-type
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,F'“h \ N testis (far left column: hpg) or wild-type

mouse testes on postnatal day 9 (second

germ cells were a common occurrence (Fig. 1G). The
Sertoli cells showed unusual morphology. Their nuclei,
often crowded together, were located close to the basal
lamina and also displaced more centrally, the sperma-
togonia intervening between them and the peritubular
tissue (Fig. TH). Sertoli cell nuclei showed irregular shapes
ranging from ovoid to angular. The nucleoli were prom-
inent, occurring singly or in pairs, and showing double
or tripartite morphology and occasional annular nucleoli
(not shown at light microscope level). Structures repre-
senting the inter-Sertoli cell junctions were not observed.

WT-1 and p27 immunohistochemistry

There was specific immunolabelling of Sertoli cell
nuclei with both antisera at all postnatal ages studied
and in testes from adult hpg mice (Fig. 2). No immuno-
reactive nuclei were detected in control studies where
the primary antisera were omitted (data not shown). A
proportion of interstitial cells also had immunopositive
staining nuclei using the p27 antiserum, but not using
the WT-1 antiserum (Fig. 2). Whereas the intensity of
the WT-1immunoreactivity was similarly high at all ages
studied and in the hpg testis (Fig. 2A-H), the intensity
of the p27 immunoreactivity was generally greater in
the adult wild-type testis than in the hpg testes or the
day 9 and 14 wild-type testes (Fig. 21-P). WT-1- and p27-
immunopositive Sertoli cell nuclei from wild-type testes
studied on postnatal day 9 typically had an ovoid or
elliptical appearance, and were not in contact with

ﬁin_q?‘t:’..ﬁ -

\ P | column: +/+adult). For each antigen, the

left column: +/+d9), day 14 (second to
right column: +/+d14) or adult (far right

upper row are micrographs obtained
with a x20 objective (scale bars = 30 um),
g the lower row obtained with a x50
; - oObjective (scale bars = 10 um).

the basal lamina. The lumen has not begun to develop at
this age, and the WT-1- or p27-immunopositive cells were
not distributed in a single uniform layer (Fig. 2B,F,J,N).
By postnatal day 14, a lumen was observable in a pro-
portion of tubules, and the WT-1 and p27 immunore-
activity revealed that in some tubules the Sertoli cells
had a more basal location and had become a monol-
ayer (Fig. 2C,G,K,0). In all adult wild-type tubules, the
WT-1/p27-immunoreactive nuclei were in close proxim-
ity to the basal lamina, forming a single layer, and the
nuclei frequently had a characteristic angular appearance
(Fig. 2D,H,L,P). The appearance and distribution of WT-1/
p27-immunoreactive Sertoli cell nuclei in the hpg testes
was similar to that of the wild-type testis on postnatal
day 9, although some aspects resembled the day 14
testis. In most cords the Sertoli cell nuclei were located
centrally relative to the basal lamina, and not clearly
stratified into a single layer, but in other cords the
nuclei had formed a single layer located closer to the
basal lamina (Fig. 2A,E,|,M). A number of nuclei had an
angular appearance rather than the ovoid shape more
common in testes from postnatal day 9 mice (Fig. 2E).

Immunofluorescence expression of microtubules
and espin

In adult wild-type seminiferous tubules, tubulin was
strongly localized to the body and the adluminal exten-
sions of the Sertoli cell cytoplasm (Fig. 3A), matching the
abundance of microtubules known to occur in the Sertoli
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Fig. 3 Immunofluorescence demonstration of microtubules (B-tubulin) indicated by green fluorescence and espin (red fluorescence).
Nucleic acids are shown by blue fluorescence. A,D are adult wild-type testes; B,E are 10-day wild-type testes, and C,F are hpg testes.
(A) Normal adult seminiferous tubule showing tall columns of microtubules in Sertoli cells and surrounding the basal spermatogonia
with circular cell nuclei. (B) Ten-day seminiferous cord showing positive tubulin label among circular/irregularly shaped basal cells
and weak labelling more centrally where negative profiles of immature Sertoli cells are noted (arrows). (C) hpg testis showing
positive tubulin label of circular, basal germ cells and absence of tubulin in the centre of the cord. Nucleic acids (blue fluorescence)
label more centrally located cells, the identity of which cannot be confirmed. (D) Normal adult testis showing arching and
curvilinear segments of the espin component of inter-Sertoli cell tight junctions (arrows). Espin in ectoplasmic specializations of
spermatid bundles is indicated (circle). Nucleic acids in nuclei of spermatocytes and spermatids are shown by blue fluorescence.
(E) Ten-day testis showing lack of or very weak labelling for espin; blue fluorescence indicates nucleic acids. (F) hpg testis showing
lack of positive label for espin in the seminiferous cords; blue fluorescence indicates germ and Sertoli cell nuclei. Scale bars, 20 um.

cell. Positive immunofluorescence was also noted in the
cytoplasm of basally located germ cells, forming numer-
ous ring-type profiles. More centrally placed primary
spermatocytes and round spermatids did not show sig-
nificant labelling for tubulin. Tubulin was localized also
to basal germ cells in the 10-day wild-type testis (Fig. 3B).
Immature Sertoli cells, the nuclei of which could be seen
as negative-type images immediately central to the germ
cells, showed weak labelling in their central cytoplasmic
extensions. In hpg seminiferous cords, tubulin was
labelled in the cytoplasm of basal germ cells (Fig. 3C).
Negative images of the Sertoli cell nuclei containing
DAPI-positive nucleoli could be seen but the cytoplasm
associated with them and extending into the central
region of the cords was not positively labelled for tubulin.

Junctional specializations

The localization of espin, indicating the presence of this
actin-binding/bundling protein with the inter-Sertoli
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cell junctions, was readily observed in the adult wild-type
testis. Espin label was seen as curvilinear and arching
structures in the basal aspect of the seminiferous
epithelium (Fig. 3D), representing the specialized tight
junctions. In addition, positive label for espin was
observed among clusters of elongating spermatids that
are embedded in the columns of Sertoli cell cytoplasm.
Here the spermatid acrosomes are closely associated
with Sertoli cell ectoplasmic specializations that con-
tain espin. Within the seminiferous cords of the 10-day
wild-type testis and the hpg testis, espin labelling was
absent or very weak compared with the intensity of the
label seen in the adult wild-type testis (Fig. 3E,F).

Ultrastructure of Sertoli cells

In adult wild-type testes the Sertoli cell nuclei were
located at the base of the seminiferous epithelium and
showed pleomorphic shapes ranging from irregularly
ovoid (Fig.4A) to pyramidal. Heterochromatin was
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Fig. 4 Electron micrographs of adult wild-type (A-C), 10-day wild-type (D-F) and adult hpg testes (G—K). (A) Typical normal adult
Sertoli cell with nucleolus and annular chromatin (arrowhead) and curved inter-Sertoli cell junctions (arrows). (B) Sertoli cell
tripartite nucleolar complex showing central nucleolus and flanking chromatin. (C) Inter-Sertoli cell junctional complex between
apposing Sertoli cells. (D) Ten-day testis with compacted immature Sertoli cell nuclei (S). (E) Immature Sertoli cell nucleus with
patches of heterochromatin associated with nuclear membrane (arrows). (F) Unspecialized plasma membranes (arrow) between
adjacent Sertoli cell nuclei (S). (G) hpg testis showing basal and more central Sertoli cell nuclei (S). (H) Sertoli cell tripartite
nucleolar complex with central chromatin and peripheral nucleoli. (1) hpg Sertoli cell nucleolar complex showing granular
nucleolus and annular chromatin. (J) Plasma membranes between hpg Sertoli cell nuclei (S) showing segments of close apposition
of membrane. (K) Plasma membranes between adjacent hpg Sertoli cells showing individual cytoplasmic densities. Scale bars in

AD,G=10um; E=3um; B,I =2 um; CF,H=1pum; J,K=0.5pm.

rarely noted within the nucleus except in association
with the nucleolus where one or two heterochromatic
masses flanked the nucleolus forming a tripartite
structure typical of adult mouse Sertoli cells (Fig. 4B).
In some views the chromatin itself showed an annular
morphology. Where the plasma membranes of adjacent
Sertoli cells became apposed, inter-Sertoli cell junctions
were found, at times extending for 10 um in the basal
aspect of the seminiferous epithelium (Fig. 4A). At high
magnification inter-Sertoli cell junctions showed the
typical morphology of ectoplasmic specializations with
subplasmalemmal bundles of actin filaments and mem-
branous cisternae orientated parallel to the apposed
plasma membranes of the Sertoli cells (Fig. 4C).

Sertoli cell nuclei in 10-day old wild-type mice were
arranged at random within the peripheral aspect of

the seminiferous cords, some being proximal to the
basal lamina and others being more central (Fig. 4D).
These nuclei showed elliptical or polygonal shapes and,
depending on the plane of thin section, exhibited one
or more small nucleoli together with several clumps
of heterochromatin associated with the nuclear mem-
brane (Fig. 4E). The plasma membranes of adjacent
Sertoli cells did not show the presence of inter-Sertoli
cell junctions (Fig. 4F).

In hpg testes the Sertoli cell nuclei exhibited unique
morphology with highly irregular shapes due to signi-
ficant folding and indentation of the nuclear mem-
brane (Fig. 4G). Sertoli cells were found adjacent to the
basal lamina and also more centrally where two or more
Sertoli cells were stratified. A characteristic feature of
hpg Sertoli cells was the single, double or tripartite
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Table 2 Stereological estimates of cell

numbers in adult and 10-day wild-type Adult 10-day hpg

and adult hpg mouse testes. Values are

millions per testis and represent means+ N 6 6-7 7

SEM Sertoli cells 2.06 £0.13° 1.15+0.08° 0.56 £ 0.02°
Sp/gonia & preleptotene sp./cytes 2.93+0.32° 1.94 +0.08° 0.31+£0.03°
Primary sp./cytes 9.40 +0.65° 0.28 +£0.03° 0.17 £0.04°
Leptotene to diplotene
Round spermatids 25.60+1.79 ND ND
Elongating spermatids 28.47 £1.95 ND ND

ND, germ cell types were not detected.
Superscript letters indicate whether a significant difference (P < 0.05) was observed
between different groups.

nucleolar complex (Fig. 4H,1) with the chromatin often
showing an annular morphology. The plasma mem-
branes of adjacent regions of hpg Sertoli cell cyto-
plasm occasionally showed points of apparent fusion or
adherens-type sites of membrane apposition (Fig. 4J).
Electron-dense material associated with the apposed
Sertoli cell membranes was noted although no clear
resolution into particles or filaments was found
(Fig. 4K). These regions suggested the rudimentary
formation of ectoplasmic specializations but typical
fully formed inter-Sertoli cell junctional complexes
were not observed.

Cell quantification

Stereological assessments of cell numbers per testis are
given in Table 2. Adult wild-type testes had signifi-
cantly (P < 0.05) greater numbers of Sertoli cells com-
pared with 10-day wild-type testes, consistent with the
expansion of the Sertoli cell population up to 3 weeks
postnatally. In hpg testes Sertoli cell numbers showed
a 73% reduction compared with adult wild-type testes
and were only half of the numbers measured in the 10-
day old testes. Similarly, germ cell numbers in hpg tes-
tes were markedly reduced in comparison with adult
testes. Spermatogonia/preleptotene primary sperma-
tocytes per hpg testis showed a 90% reduction and pri-
mary spermatocytes (leptotene and beyond) showed a
98% reduction compared with the adult wild-type
testis. The same classes of germ cells were, respectively,
reduced by 84% and by 40% in comparison with 10-day
old wild-type testes. No spermatids were noted in the
seminiferous cords of 10-day wild-type or hpg testes.
To check the reliability of the estimated numbers of
germ cells of the hpg testes obtained by stereological
analysis, we determined the conversion ratios of germ

© 2005 The Authors

Table 3 Conversion ratios of germ cell types (x106 per testis)
in adult wild-type testes

Germ cells Ratios Measured Theoretical
ES 9-16: 28.4:25.6 1.1 1

RS 1-8 =

RS 1-8: 25.6: 7.4t 3.5 4

Pach + Dip =

Lep-Dip Spc: 9.4:29 3.2 4*

Spg/Prl Spc =

*Based on estimated spermatogonial divisions from Kluin et al.
(1984), de Rooij & Grootegoed (1998) and de Rooij & Russell (2000).
ES 9-16 = elongating spermatids in stages IX-XVI of
spermiogenesis; RS 1-8 = round spermatids in stages |-VIII of
spermiogenesis; Pach + Dip = pachytene and diplotene primary
spermatocytes; Lep-Dip Spc = leptotene to diplotene
spermatocytes; Spg/Prl Spc = spermatogonia and preleptotene
spermatocytes.

tExcludes leptotene primary spermatocytes, which = 1.94.

cell classes as they progressed through spermatogenesis
in the adult wild-type testis (Table 3). The observed vs.
expected ratios between the proliferation and/or matu-
ration of (i) spermatogonia into primary spermatocytes,
(ii) primary spermatocytes into early spermatids and
(iii) early spermatids into elongating spermatids were
similar. These findings confirmed that the individual
quantitative data for each class of germ cells were a
reliable estimate for the normal adult testis and by
inference for the 10-day old wild-type and hpg testis, as
the same stereological methods were used.

Estimates of the numbers of germ cells associated on
average with a single Sertoli cell were calculated from
the primary quantitative values, and are given in
Table 4. The data show that on average a single Sertoli
cell of adult wild-type testes supports more than 30
germ cells. In 10-day-old wild-type and in hpg testes
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Table 4 Germ cell load expressed per single Sertoli cell. Values
are millions per testis and represent means + SEM

Adult 10-day hpg
Sertoli cells per testis (10°) 2.06 1.15 0.56
Spermatogonia 1.4 1.6 0.5
Spermatocytes 4.5 0.3 0.3
Round spermatids 12.4 ND ND
Elongating spermatids 13.8 ND ND
Total germ cells/Sertoli cell 32 2 1

ND, germ cell types were not detected.

the Sertoli cells are associated with far fewer germ
cells, the former with two germ cells on average per
Sertoli cell and in the latter the ratio is nearly 1: 1.

Discussion

The hereditary hypogonadism in the hpg mouse is an
important animal model for idiopathic hypogonado-
trophic hypogonadism (IHH) in the human. Although
the hpg mouse testis appears to phenocopy the human
IHH testis, the common characteristics of failure of
testicular development and infertility arise from different
genetic backgrounds. The hpg model results from a
33.5-kb deletion truncating the GnRH gene (Mason
et al. 1986a,b), whereas in IHH patients gene muta-
tions/deletions of the GnRH gene itself have not been
described (Burns & Matzuk, 2002). In human IHH dis-
orders, gene mutations may disrupt migration of GnRH-
releasing neurons (in Kallman’s syndrome), impair
GnRH processing or prevent the secretion of GnRH, as
in studies describing mutations of the GPR54 receptor
(Franco et al. 1991; Jackson et al. 1997; de Roux et al.
2003; Seminara et al. 2003). The cytology of the hpg
mutant mouse testis reported in this study is similar to
the brief qualitative histology of the testis recently
described in the GnRH receptor (Gnrhr) mutant male
mouse (Pask et al. 2005), which is another animal
model for human IHH involving the GnRHR mutation
(Beranova etal. 2001). We have used novel and
assumption-free stereological methods to define the
cytological status of the seminiferous epithelium of the
hpg mouse testis in comparison with the normal adult
and 10-day-old testis, the last of these chosen as its
maturational status is similar to hpg with regard to
qualitative spermatogenic development. The impair-
ment of testis growth in adult hpg mice is seen in testis

weight, which was only 3% that of adult wild-type
mice, 50% of the weight of 10-day-old wild-type testes,
and in total seminiferous cord volume and length per
testis, which was 3 and 30%, respectively, in comparison
with adult testes. The data show that hypogonadism
arising from a congenital deficiency in gonadotrophin
secretion is a result of a marked reduction in both the
Sertoli cell and the germ cell populations when compared
with either the prepubertal (10-day-old) or adult wild-
type testis. Severe impairment of spermatogenesis in
hpg mice is evident because the testis had only 23 and
1%, respectively, of the total germ cell population in
comparison with 10-day-old and adult wild-type testes.

The fractionator/optical stereological
technique is an efficient and unbiased method for
estimating total cell numbers per organ. The method is
independent of testis volume and the shape, size and
distribution of cells within the seminiferous epithelium
(Wreford, 1995), and it has been applied to testicular
tissue of normal and mutant mice (Robertson et al.
1999, 2002; Kumar et al. 2001; Wreford et al. 2001), rat
(Meachem et al. 1998, 1999), monkey (O’'Donnell et al.
2001) and human (Zhengwei et al. 1998; Bendsen et al.
2003; Raleigh et al. 2004).

In hpg testes, the number of spermatogonia/prelep-
totene spermatocytes (0.31+0.03 million per testis)
was only 10% of their numbers found in adult wild-
type testes (2.93 + 0.32 million per testis). In other stud-
ies (Singh et al. 1995; Singh & Handelsman, 1996a,b;
Spaliviero et al. 2004) a similar low proportion was
reported (8-10%), although the absolute numbers of
spermatogonia ranged from 0.12 to 0.6 million per
testis in hpg mice and from 1.6 to 6.7 million per testis
in adult wild-type mice. Spermatogenesis in hpg testes
advanced no further than zygotene or rarely early
pachytene primary spermatocytes, and total spermato-
cytes were estimated at 0.17 + 0.04 million per testis,
representing only 2% of all primary spermatocytes
found in adult wild-type testes (9.40 + 0.65 million per
testis). Although spermiogenesis in the hpg mouse was
not observed in the present study nor in any of those
above, our estimates of round spermatids (25 million
per testis) and elongating spermatids (28 million per
testis) in adult wild-type mice are similar to those of the
C57BL/6 mouse strain (Wreford et al. 2001), where
application of the optical disector stereological analysis
reported 30 and 27 million per testis for round and
elongating spermatids, respectively. We found that the
germ-cell-carrying capacity of hpg Sertoli cells was

disector
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0.7 germ cells per Sertoli cell, in agreement with ratios
of 0.7-1.1 that we calculated from the individual cell
graphical data reported by other studies (Haywood
et al. 2003; Allan et al. 2004; Spaliviero et al. 2004). In
adult wild-type testes, the germ cell load per Sertoli cell
was 32 germ cells per Sertoli cell, in agreement with
ratios of 26-30 that we calculated from other indi-
vidual quantitative cell data (Robertson et al. 2002;
Spaliviero et al. 2004).

The severe hypospermatogenic status of the hpg vs.
adult wild-type testis affecting both the supply and the
maturation of spermatogonia was further emphasized
in comparison with the 10-day wild-type testis. At this
time occasional pachytene spermatocytes are the most
advanced germ cell type noted, but most primary sper-
matocytes were at the leptotene-zygotene step. The
hpg testis has only 16% of the spermatogonia/prelep-
totene spermatocytes present in the 10-day wild-type
testis (0.31 £ 0.03 vs. 1.94 + 0.08 million per testis) and
only 60% of the primary spermatocytes (0.17 + 0.04 vs.
0.28 £ 0.03 million per testis). The low proportion of
spermatogonia reflects impaired proliferation among
spermatogonial cell types in the hpg testis. The higher
proportion of primary spermatocytes in the hpg vs. 10-
day testis is attributable to their maturation arrest and
persistence in the 170-190-day hpg testis, and the
relatively low numbers of primary spermatocytes in the
10-day testis (Wang et al. 1998; Hosoi et al. 2002).

Deprived of endocrine support due to insufficiency
of gonadotrophins and testosterone, the cytological
response of the hpg seminiferous epithelium is
expressed not only by impairment of germ cell develop-
ment but also by alterations in the morphology and
number of Sertoli cells. The hpg testis contained only
27% of the Sertoli cells found in the adult wild-type
testis (0.56 vs. 2.06 million per testis, respectively) and
less than 50% of the Sertoli cells counted in the 10-day
wild-type testis (1.15 million per testis). Clearly the lack
of gonadotrophic support, in particular FSH, results in
the failure of Sertoli cells in hpg testes to attain their
full proliferative and developmental potential. The key
and selective role of FSH in stimulating Sertoli cell pro-
liferation is noted in transgenic hpg mice expressing
FSH. In these mice there is a dose-dependent effect on
testis growth in which increasing serum levels of FSH
are capable of increasing hpg Sertoli cell numbers to
wild-type levels (Allan et al. 2004). That FSH is the pri-
mary Sertoli cell mitogen in the postnatal hpg testis has
been emphasized in other studies where neither hCG
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(human chorionic gonadotrophin) nor testosterone
supplementation are capable of stimulating Sertoli cell
proliferation to attain the numbers seen in the wild-type
testis (Handelsman et al. 1999; Haywood et al. 2003;
Spaliviero et al. 2004). In the opposite situation of loss-
of-function of FSH using knock-out mice that lack FSH
(FSHBKO) or FSH receptors (FSHRKO), Sertoli cell number
per testis is normal at birth and in the early postnatal
period, but they cease proliferation at 3 weeks and
their number remains at about 60% of the wild-type
population (Wreford et al. 2001; Johnston et al. 2004).

In previous studies of Sertoli cell histology in hpg
testes they have been described as exhibiting an
immature morphology, i.e. polygonal nucleus lacking
or containing a single round nucleolus, the nucleus
often centrally located in the seminiferous cord and no
apical cytoplasmic extensions (Singh et al. 1995; Singh
& Handelsman, 1996a,b; Allan et al. 2001, 2004; Haywood
et al. 2002, 2003). These characteristics apply to some
but certainly not all hpg Sertoli cells that can be iden-
tified in histological sections or after immunostaining
for WT-1 or p27. Many Sertoli cells in the hpg testis show
morphological features shared with mature Sertoli cells
in the adult wild-type testis, e.g. folded and pleomor-
phic nuclei, one or more prominent nucleoli, associated
heterochromatin forming a paired or tripartite com-
plex, and a basal nuclear location. The expression of p27
immunoreactivity indicates that the Sertoli cells in the
hpg testis are at least as mature as those in the postnatal
day 9 testis, but given the inherently non-quantitative
nature of immunoperoxidase histochemistry it is not
possible to equate the intensity of the staining to a
precise developmental age. Our ultrastructural obser-
vations are the first to show that hpg Sertoli cells rep-
resent a hybrid or transitional morphology between
immaturity and full development. Although hpg Sertoli
cell nuclei show some adult-type characteristics, e.g.
tripartite and annular nucleolar development normally
found only in mature Sertoli cells (Flickinger, 1967;
Kierszenbaum, 1974; Mirre & Knibiehler, 1982), cyto-
plasmic development is limited, lacking an organized
columnar cytoplasm and the occurrence of rudimentary
inter-Sertoli cell junctional complexes. The cytoplasm
of mature Sertoli cells extends apically through the
seminiferous epithelium and provides a central column,
with lateral branches, for structural and functional
support of the germ cells. The integrity of Sertoli cell
cytoplasm in the normal adult testis is dependent
upon its cytoskeleton, particularly the rich supply of
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microtubule bundles (Vogl et al. 1993) that were readily
demonstrated by fluorescence immunocytochemistry.
By contrast, microtubules in the hpg seminiferous cords
were confined to a position circumscribing the Sertoli
cell nuclei and the adjacent germ cells but no exten-
sions into the central region of the cords. A similar
arrangement of immunolabelled microtubules was
observed in the seminiferous cords of the 10-day-old
wild-type testis. The lack of cytoplasmic maturity and
organization of the cytoskeleton was confirmed by
ultrastructural analysis. An additional indicator of Ser-
toli cell immaturity in the hpg testis was the absence of
the organelles and cytoskeletal elements (membranous
cisternae, actin filament complexes, tight junctions)
that together form the intratubular blood-testis barrier
between neighbouring mature Sertoli cells. The
presence or absence of the barrier among Sertoli cells
of hpg, 10-day-old and adult wild-type testes was
demonstrated by immunolocalization of espin and by
electron microscopy. Espin is an actin-binding/bundling
protein associated with Sertoli cell-spermatids and
Sertoli cell-Sertoli cell ectoplasmic specializations (ES)
(Bartles et al. 1996; Chen et al. 1999), the latter found
along apposing Sertoli cell plasma membranes forming
unique junctional complexes known as the blood-testis
barrier (Moroi et al. 1998; Toyama et al. 2003). Identical
in structure and position to dense curviform profiles
noted by light microscopy, immunolocalization of
the espin component of adult Sertoli cell junctional
complexes was shown with fluorescence microscopy.
Ultrastructural observations of adult Sertoli cells
confirmed the expected morphological features of the
ES. In 10-day-old testes, specific labeling for espin was
not found and junctional specializations were not formed
as indicated by electron microscopy. A similar lack of
espin labelling and absence of fully organized Sertoli
cell junctional complexes was found in hpg Sertoli cells,
indicating the immature state of hpg Sertoli cells.
Incompletely formed Sertoli cell junctional complexes
in the 12-14-day-old mouse (Byers et al. 1991) and in
the diethylstilbestrol-treated mouse testis (Hosoi et al.
2002) do not form an intact blood-testis barrier and
both resemble the dysmorphic junctional complexes of
hpg Sertoli cells. Initiation of spermatogenesis in the
normal postnatal testis is associated with the progressive
proliferation and maturation of the Sertoli cells and
from postnatal day 10-17 the ES are formed and
recruited to sites that become the fully developed junc-
tional complexes of the blood-testis barrier (deKretser

& Kerr, 1994; Hosoi et al. 2002). Disruption (Wiebe et al.
2000). Delay (Vitale et al. 1973; Toyama et al. 2003) or
failure of development (Cavicchia & Sacerdote, 1991;
Morales & Cavicchia, 2002; Noguchi et al. 2002) of com-
petent Sertoli cell junctional complexes in the rodent
testis is accompanied by impairment of primary sper-
matocyte maturation, emphasizing the significance of
the blood-testis barrier for the early phases of sperma-
togenesis. The impermeability of junctional complexes
(an index of epithelial barrier function) is, however, not
an absolute requirement for maturation of spermato-
cytes but is correlated with development of Sertoli cells,
their apical secretion of fluid and the appearance of
the tubule lumen (Pelletier, 1986; Setchell et al. 1988;
Russell et al. 1989).

Although the hpg mouse testis is a model analogous
to congenital hypogonadotrophic hypogonadism in
men, it does not exactly phenocopy acquired IHH or the
variable cytology of Sertoli cells associated with arrested
germ cell development in idiopathic hypospermato-
genesis. In the latter cases, impaired germ cell development
usually at the early mid-primary spermatocyte stage
often coexists with Sertoli cells showing histological,
ultrastructural or immunocytochemical features that
classify them as immature or adult-type or dedifferen-
tiated (Steger et al. 1999; Maymon et al. 2002). Severe
impairment of spermatogenesis in the hpg testis is
accompanied by a low supply of partially mature
Sertoli cells that show some adult characteristics but
fail to form a structurally organized blood-testis
barrier. The incomplete proliferation and maturation
of hpg Sertoli cells and arrested spermatogenesis
6 months after birth is attributable to chronic insuffi-
ciency of gonadotrophic hormones, notably FSH, and
intratesticular testosterone content (O’Shaughnessy &
Sheffield, 1990; Singh & Handelsman, 1996a). FSH has
been shown to exert major stimulatory actions on
Sertoli cell and early germ cell development in the hpg
mouse (Haywood et al. 2003; Allan et al. 2004).

In summary, we have used unbiased stereological
analysis of cell types and numbers, immunolocalization
of nuclear and cytoskeletal proteins of Sertoli cells, and
electron microscopy to study the seminiferous epithe-
lium of the hpg, immature and adult wild-type mouse
testis. We propose that during postnatal life the
seminiferous epithelium of the hpg testis shows a
cytological response commensurate with a ‘drip-feed’
exposure to gonadotrophic and androgenic hormones.
Sustained low-level hormone stimulation of the hpg
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testis is sufficient only to support limited Sertoli cell
maturation and maintenance of a residual supply of
germ cells, as indicated by stereological analysis. Because
the hpg testis remains responsive to FSH, hCG, androgen
or oestrogen, it provides an important animal model
for further studies of the molecular mechanisms con-
trolling testicular maturation and spermatogenesis.
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