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ABSTRACT

Despite their pharmacologically opposite actions, long-acting depot formulations of both GnRH
agonists and antagonists have been clinically applied for treatment of androgen-sensitive prostate
cancer. Sustained treatment with GnRH analogues commonly suppresses both the synthesis and
release of gonadotropins, leading to depletion of testicular testosterone. To clarify the underlying
differences in the effects of GnRH agonists and antagonists on spermatogenesis, we compared his-
tological changes in the seminiferous epithelium after administration of depot formulations of
GnRH agonist leuprorelin and antagonist degarelix to male rats. Testicular weight had markedly
declined by 28 days after administration of both GnRH analogues, although the testicular weight
was decreased more promptly by leuprorelin compared with degarelix. Shortly after administra-
tion, massive exfoliation of premature spermatids and anomalous multinucleated giant cells was
observed in seminiferous tubules of leuprorelin-treated rats, probably via the initial hyperstimula-
tory effects on the hypothalamic-pituitary-testicular axis, whereas no discernible changes were
found in those of degarelix-treated rats. Long term treatment with both types of GnRH analogues
similarly induced a marked reduction in the height of the epithelium and deformation of apical cy-
toplasm in Sertoli cells, resulting in premature detachment of spermatids from the epithelium. Lip-
id droplets had accumulated progressively in Sertoli cells, especially in those of degarelix-treated
rats. These findings clearly demonstrate the differences in the effects of GnRH agonists and antag-
onists on the spermatogenic process. This study suggests that an appropriate choice of GnRH ana-
logues is necessary to minimize their adverse effects on spermatogenesis when reproductive
functions should be preserved in patients.

Male gametes of mammals, spermatozoa, are gener-
ated from spermatogonial stem cells in a stepwise
fashion by mitosis and meiosis in the seminiferous
tubules of testes (16, 22). The stem and developing
spermatogenic cells, including spermatogonia, sper-
matocytes, spermatids, and spermatozoa, are support-
ed both structurally and metabolically by surrounding
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Sertoli cells in the seminiferous epithelium (15, 44)
where spermatogenesis, a series of differentiation
processes of spermatogenic cells to mature spermato-
zoa, occurs. At the basal compartment of the semi-
niferous epithelium below the blood-testicular barrier
(BTB) formed by adjacent Sertoli cells, spermatogo-
nia proliferate and differentiate into spermatocytes.
The generated preleptotene spermatocytes are then
translocated to the adluminal compartment above the
BTB, where meiosis is completed and successive
spermiogenesis from round premature spermatids to
elongated mature spermatids proceeds (41, 64).
Spermatogenesis in mammalian seminiferous
tubules is elaborately regulated by the hypothalamic-
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pituitary-testicular axis (37). Gonadotropin-releasing
hormone (GnRH) discharged from hypothalamic
neurons into the hypophyseal portal system acts on
gonadotropes in the anterior pituitary gland to se-
crete two gonadotropins, luteinizing hormone (LH)
and follicle-stimulating hormone (FSH), into system-
ic circulation (5). In male mammals, both gonado-
tropins act on the testes to facilitate reproductive
functions. FSH acts directly on Sertoli cells in semi-
niferous tubules, while LH facilitates testosterone
production in Leydig cells located among seminifer-
ous tubules. In turn, testosterone secreted from
Leydig cells acts on Sertoli cells to facilitate and
maintain spermatogenesis in collaboration with FSH
(3, 45, 59).

GnRH analogues generated by substitution of
amino acid residues of intrinsic GnRH bind compet-
itively to the GnRH receptor on pituitary gonado-
tropes, resulting in augmentation (by agonists) or
attenuation (by antagonists) of intracellular signaling
events downstream of the receptor (11, 24, 29).
However, long term treatment with powerful GnRH
agonists such as buserelin (7) and leuprorelin (36),
paradoxically suppresses both synthesis and secre-
tion of gonadotropins by receptor desensitization,
which contrasts their original and initial stimulatory
effects on gonadotropes (23). In contrast to the ago-
nists, depot formulations of GnRH antagonists, such
as degarelix (8), intensely suppress the secretion of
pituitary gonadotropins upon administration (46). In
any case, continuous administration of GnRH ana-
logues effectively suppresses synthesis and secretion
of pituitary gonadotropins in the chronic phase, re-
sulting in depletion of serum androgens/estrogens
derived from gonads. Thus, long-acting depot for-
mulations of GnRH agonists and antagonists have
been widely applied for treatment of sex steroid-
dependent diseases such as endometriosis, uterine
leiomyoma, prepubertal maturation, and metastatic
prostate cancer (1, 11, 14, 39).

Although previous studies have largely clarified
the molecular mechanisms underlying the inhibitory
effects on pituitary gonadotropes after administra-
tion of long-acting GnRH analogues as described
above, the differences in the effects of these two op-
posing types of GnRH analogues, agonists and an-
tagonists, on the testes located downstream of the
pituitary have not been sufficiently investigated so
far. In the present study, we compared histological
and cytological changes in seminiferous tubules of
the rat testis after administration of depot formula-
tions of GnRH agonist leuprorelin and antagonist
degarelix. Morphological changes in the seminifer-
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ous epithelium of acute and chronic phases after ad-
ministration of the depot formulations of the two
types of GnRH analogues clearly indicated both dif-
ferences and similarities in their effects on sper-
matogenesis. Based on the distinct temporal courses
of the histological changes in the seminiferous epi-
thelium after administration of the depot formulations
of the GnRH agonist and antagonist, we discuss the
profound differences in the mechanisms of these two
types of GnRH analogues, leading to suppression of
spermatogenesis in the seminiferous epithelium.

MATERIALS AND METHODS

Animals and experimental procedures. One hundred
and thirty two adult male Wistar rats (body weight:
ca. 200 g) were divided into 11 experimental groups
(12 rats each) and kept in plastic cages placed in a
well-ventilated room (23-25°C; 55-65% relative hu-
midity) with food and water provided ad libitum. To
evaluate changes in the plasma LH concentration in
the early phase of treatments (4 h, 8 h, and 2 days
after the onset of treatment), additional 24 adult
male rats were divided into six experimental groups
(four rats each) and kept under the same conditions
described above.

At 8 weeks of age, the rats of the eight groups
(five groups with 12 rats each, and three groups
with four rats each) were subcutaneously injected
with 1.5 mg/kg GnRH agonist depot [leuprorelin (le-
uprolide acetate) for one-month depot suspension
(3.75 mg/mL); Takeda Pharmaceutical Co., Osaka,
Japan], while the rats of another eight groups (five
groups with 12 rats each, and three groups with four
rats each) at 8 weeks of age were subcutaneously
injected with 2 mg/kg GnRH antagonist depot [de-
garelix (degarelix acetate) for one-month depot sus-
pension (20 mg/mL); Astellas Pharma Inc., Tokyo,
Japan]. These one-month depot formulations can
continuously release an effective dose of GnRH an-
alogues over one month after administration by sin-
gle injection (8, 34). These rats were maintained for
various durations (4 h to 28 days) and then used for
experiments as described below. The rats of one
group (12 rats) received only the suspension vehicle
and were used directly for experiments as controls.

The rats were used for experiments in accordance
with the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources,
National Research Council, Washington, DC, 1996)
under permission of the Experimental Animal Wel-
fare Committee of Asahikawa Medical University
(permission # 16032).
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Measurement of plasma LH. After rats were anesthe-
tized with ketamine/xylazine (100 : 10 mg/kg body
weight), blood was collected into tubes containing
heparin (100 U per tube) by puncture of the inferior
vena cava (n =4 per experimental group). The blood
samples were then centrifuged at 4°C for 10 min,
and the plasma of each sample was divided into
aliquots and stored at —20°C until analysis. Testes
were also excised from each rat and processed for
histological analysis as described below after their
wet weight was measured to evaluate the effects of
GnRH agonist and antagonist depots.

Plasma concentrations of LH were measured us-
ing a commercially available enzyme-linked immu-
nosorbent assay (ELISA) kit (rodent LH ELISA test
kit, product code: ERKR7010; Endocrine Technolo-
gies Inc., Newark, CA, USA), according to the man-
ufacturer’s instructions. The amounts of LH in
samples were calculated by a corresponding stan-
dard curve and expressed as ng of the standard
preparation of rat LH provided by the supplier. Sta-
tistical analyses were performed as described below.

Histological and morphometrical analyses. For his-
tological assessment of the effects of GnRH ana-
logues, the testes excised from rats after sampling
blood plasma were fixed in Bouin’s solution, rinsed
in 0.1 M phosphate buffer (PB; pH 7.4), dehydrated
in a graded ethanol series, and embedded in paraf-
fin. Sections (8 um thick) cut from the paraffin-em-
bedded tissue blocks were stained with hematoxylin
and eosin.

Five independent fields in a hematoxylin and eo-
sin-stained section per rat (20 fields in four indepen-
dent rats per experimental group) were selected with
sufficient spacing to avoid double sampling and
photographed under a light microscope equipped
with a x10 objective lens (Olympus, Tokyo, Japan).

The individual profile diameters of seminiferous
tubules in each photograph were measured with Im-
agel software (National Institutes of Health, Bethes-
da, MD, USA; https://imagej.nih.gov/ij/). The means
and related statistical parameters of the diameters
were calculated and analyzed with KaleidaGraph
software (Synergy Software, Reading, PA, USA).

To evaluate the occurrence of multinucleated gi-
ant cells in seminiferous tubules, the numbers of
both the cross-sectioned profiles of seminiferous tu-
bules containing multinucleated giant cells and those
containing no multinucleated giant cells were count-
ed in each photograph, and then the numbers of
those containing multinucleated giant cells were di-
vided by the corresponding total number of the
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cross-sectioned profiles of seminiferous tubules in
each experimental group. Temporal changes in the
fraction of the profiles of seminiferous tubules con-
taining multinucleated giant cells were compared
between experimental groups treated with GnRH ag-
onist leuprorelin and antagonist degarelix. All mor-
phometrical parameters obtained were statistically
analyzed as described below.

Scanning electron microscopy of KOH-digested tis-
sues. The three-dimensional (3D) ultrastructure of
rat seminiferous tubules in each experimental group
was analyzed by scanning electron microscopy
(SEM) after preparation of testicular tissues accord-
ing to the simple KOH digestion method by Ushiki
and Ide (55). Briefly, rats (n=2 per experimental
group) anesthetized with ketamine/xylazine were
perfused with 30 mL physiological saline and then
with 100 mL of 2% glutaraldehyde (GA) in 0.1 M
PB, pH 7.4. The testes were quickly excised, cut
into small pieces, and immersed in the same fixative
at 4°C for 24 h. After rinsing the fixed tissues sever-
al times in 0.1 M PB (pH 7.4), the tissues were
placed in 30% KOH for 8-10 min at 60°C. The tis-
sues digested with KOH were washed thoroughly in
0.1 M PB (pH 7.4) and then treated with 1% tannic
acid (Nacalai Tesque, Kyoto, Japan) in 0.1 M PB
for 1 h, rinsed in the buffer for 1 h, and immersed
in 1% osmium tetroxide (OsO,) as a conductive
stain for 1 h. The samples were then dehydrated
through a graded ethanol series, transferred to isoam-
yl acetate, and dried in a critical point dryer (model
HCP-2; Hitachi Koki Co. Ltd, Tokyo, Japan). Dried
specimens were then mounted on aluminum stubs
with silver paste, coated with platinum-palladium in
an ion-sputter coater (model E1010; Hitachi Koki
Co. Ltd) and observed under a scanning electron
microscope (model S-4100; Hitachi High Technolo-
gies, Tokyo, Japan).

Correlative light microscopy and SEM of Epon-em-
bedded semithin sections. Epon-embedded semithin
sections of the testis were correlatively observed by
both light microscopy and BSE-mode SEM, as de-
scribed previously (20). Briefly, rats (n =3 per exper-
imental group) anesthetized with ketamine/xylazine
were perfused with 30 mL physiological saline and
then with 100 mL of 2% GA/2% paraformaldehyde
(PFA) in 0.1 M PB, pH 7.4. The testes were quickly
excised, cut into small pieces, and immersed in the
same fixative at 4°C for 24 h. After washing thor-
oughly with 0.1 M PB containing 7.5% sucrose
(pH 7.4), the samples were postfixed with 1% OsO,
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in 0.1 M PB containing 7.5% sucrose at 4°C for 2 h.
After postfixation, the samples were dehydrated us-
ing a graded ethanol series and embedded in Epon
812. Semithin sections of tissues embedded in Epon
812 resin prepared with an ultramicrotome (model
EM UCT7; Leica, Wetzlar, Germany) were carefully
picked up with a 7-mm diameter aluminum loop
(Transfer ring; Micro Star Co., Tokyo, Japan) and
mounted on a glass slide by heating on a hot plate
at 50°C for 30 min. After the semithin sections were
stained with toluidine blue, they were first viewed
and photographed under the light microscope
equipped with the x10 objective lens. The semithin
sections were then counterstained with uranyl ace-
tate and lead citrate for electron microscopy. After
the semithin sections were coated with OsO, at a
thickness of 1 nm using an osmium coater (model
HPC-20; Vacuum Device, Ibaraki, Japan), the sec-
tions were viewed under a cold field emission-type
scanning electron microscope equipped with a high-
ly sensitive semi-annular semiconductor BSE detec-
tor (model SU-8240; Hitachi High Technologies).
The corresponding regions of interest in the semithin
sections were imaged using the BSE detector at an
accelerating voltage of 2 kV.

Antisera. Rabbit polyclonal anti-espin (product code:
NBP1-90588) and mouse monoclonal anti-zonula oc-
cludens-1 (ZO-1; product code: 33-9100) antibodies
were purchased from Novus Biologicals (Littleton,
CO, USA) and Thermo Fisher Scientific (Waltham,
MA, USA), respectively. Secondary antibodies, Al-
exa Fluor 488-labeled donkey anti-rabbit IgG (prod-
uct code: A-21206) and Alexa Fluor 594-labeled
donkey anti-mouse IgG (product code: A-21203),
were purchased from Thermo Fisher Scientific.

Immunofluorescence microscopy. Three rats from
each experimental group anesthetized with ketamine/
xylazine were perfused with physiological saline,
followed by a solution of 4% PFA in 0.1 M PB con-
taining 4% sucrose (pH 7.4). After fixation by perfu-
sion, testes were immersed in the same fixative for
2 h at 4°C. After washing the fixed tissues thorough-
ly with 0.1 M PB containing 7.5% sucrose (pH 7.4),
the tissues were immersed sequentially in 15% su-
crose (6 h) and 30% sucrose (12 h) solutions buff-
ered in 0.1 M PB (pH 7.4) at 4°C. Then, the tissue
blocks were frozen in Tissue-Tek O.C.T. compound
(Sakura Finetek, Tokyo, Japan) at —30°C. Tissue sec-
tions of 12 pm in thickness were cut from the fro-
zen tissue blocks with a cryostat (model CM3050S;
Leica Microsystems GmbH, Wetzlar, Germany) and
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mounted on microscope slides.

For immunocytochemical staining, tissue sections
of the testis were treated with a 0.05% citraconic
anhydride solution (Immunosaver; Nissin EM Co.
Ltd., Tokyo, Japan) for 30 min at 60°C for antigen
retrieval (28) and then incubated with 2% normal
donkey serum (30 min, 20°C) for blocking. After
these pretreatments, the tissue sections were incu-
bated with a mixture of primary antibodies of differ-
ent species (rabbit and mouse) for 16 h at 20°C. The
sections were subsequently incubated with a mixture
of appropriate sets of Alexa Fluor 488- and 594-
labeled secondary antibodies for 1 h at 20°C. Be-
tween each step, the sections were washed three
times in 0.01 M PB (pH 7.4) containing 0.5 M NaCl
and 0.1% Tween 20. After a section was rinsed with
PBS (3 min, three times), a coverslip was mounted
on the tissue section in 90% glycerol (v/v in PBS)
containing 0.1% p-phenylenediamine dihydrochlo-
ride (Sigma-Aldrich, St. Louis, MO, USA) and
4',6-diamidino-2-phenylindole (DAPI; Sigma-Al-
drich). The immunostained sections were viewed
under a laser scanning confocal microscope (model
FV-1000D; Olympus).

Statistical analysis. The results of ELISAs and mor-
phometrical analyses were statistically analyzed with
KaleidaGraph software by one-way analysis of vari-
ance (ANOVA), followed by the Tukey HSD post-
hoc test when a significant interaction (P < 0.05)
was calculated.

RESULTS

Changes in plasma hormone levels and testicular
weights after administration of depot formulations
of GnRH analogues

To evaluate the systemic effects of GnRH analogues
on the hypothalamic-pituitary-testicular axis, we first
measured the plasma LH concentration and wet
weight of a testis at various time points after admin-
istration of depot formulations of GnRH agonist leu-
prorelin or antagonist degarelix to male rats.

The mean concentration of LH in the blood plasma
of control male rats was 0.61 + 0.15 ng/mL (mean +
SEM), just above the detection limit (0.5 ng/mL) of
the LH-ELISA kit. The concentration of LH in
blood plasma was markedly but transiently increased
during the first 24 hours after administration of the
depot formulation of leuprorelin and then rapidly
decreased to the basal level by day 2 of the treat-
ment. The low level of plasma LH was maintained
until day 28 of treatment (Fig. 1A; solid line). Plas-
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ma LH levels in rats receiving the depot formulation
of degarelix were decreased below the detection
limit immediately after the onset of treatment and
never elevated above the detection limit throughout
the experimental period (Fig. 1A; dotted line). These
temporal changes in plasma LH levels confirmed
that the difference in the effects between the GnRH
agonist and antagonist on the secretion of pituitary
gonadotropin(s) was consistent with those in previ-
ous reports (8, 19, 46).

Although the immunoreactive plasma LH mea-
sured with the ELISA kit was not decreased below
the detection limit even after the acute hyperstimu-
lated phase induced by the leuprorelin depot, the
testicular weight was significantly decreased in re-
sponse to leuprorelin administration. The wet weight
of a testis from rats receiving the leuprorelin depot
was decreased to about two-thirds, half, and one-
third of those in control rats by 4, 7, and 14 days
after the onset of treatment, respectively (Fig. 1B;
solid line). The wet weight of a testis from rats re-
ceiving the depot formulation of degarelix was also
reduced, but the temporal course of reduction was
quite different from that of rats that received the leu-
prorelin depot. The weight of a testis decreased
slowly during the first week after the onset of treat-
ment, but was drastically reduced to approximately
one-fourth of the control testis by day 14 of treat-
ment. The reduction in testicular mass continued un-
til day 28 of treatment (Fig. 1B; dotted line). These
findings indicated that both GnRH agonist and an-
tagonist depots suppressed the functional states of
the hypothalamic-pituitary-testicular axis in the
chronic phase, although the temporal patterns of the
effects exerted by each GnRH analogue appeared to
be different.

Histological changes in seminiferous tubules after
administration of depot formulations of GnRH ana-
logues

Because the temporal course of changes in the tes-
ticular weight of rats after receiving the leuprorelin
depot was apparently different from that of rats re-
ceiving the degarelix depot, we next examined his-
tological changes in the testis of each experimental
group.

As seen in the micrographs of the hematoxylin
and eosin-stained tissue sections of the testis, the di-
ameter of seminiferous tubules in the testis of rats
continuously treated with GnRH analogues was ap-
parently reduced in the chronic phase from day 14
to 28 of treatment (Fig. 2). This result indicated that
both leuprorelin and degarelix depots induced atro-
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Fig.1 Changes in the plasma LH concentration (A) and
wet weight of the testis (B) after administration of depot for-
mulations of GnRH agonist leuprorelin (solid lines) and an-
tagonist degarelix (dotted lines). (A) Circles and error bars at
each time point indicate the mean and SEM of the plasma
LH concentration (ng/mL), respectively (n=4 per experimen-
tal group). Temporal changes in the plasma LH concentration
of each series of experimental groups, leuprorelin-treated
(solid line) and degarelix-treated (dotted line) rats, were
statistically significant by one-way ANOVA (P < 0.001 for
both experimental groups). The values indicated by aster-
isks are significantly different compared with the control
group (**P<0.001; determined by Tukey HSD post-hoc
test following one-way ANOVA). (B) Circles and error bars
at each time point indicate the mean and SEM of the wet
weight of a testis (g), respectively (n=4 per experimental
group). Temporal changes in the testicular weight of each
series of experimental groups treated with GnRH agonist
leuprorelin (solid line) and antagonist degarelix (dotted line)
were statistically significant by one-way ANOVA (P < 0.001
for both experimental groups). The values indicated by as-
terisks are significantly different compared with the control
group (**P < 0.001; determined by Tukey HSD post-hoc test
following one-way ANOVA).
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Fig.2 Histological changes in seminiferous tubules after administration of depot formulations of GnRH agonist leuprorelin
(B, D, F, H, J) and antagonist degarelix (C, E, G, I, K). Seminiferous tubules observed in the testis of a control rat are
shown in (A). Each panel is a photograph at an identical magnification (Bar =100 pm). The diameter of seminiferous tu-
bules was apparently reduced in the chronic phase in both leuprorelin (H, J)- and degarelix (I, K)-treated rats compared
with control rats (A). Note that massive exfoliation of premature spermatids (arrows) occurred in both leuprorelin- and de-
garelix-treated rats, but more promptly after administration in leuprorelin-treated rats (B) than in degarelix-treated rats (G).
Note that multinucleated giant cells appeared specifically in the seminiferous tubules of leuprorelin-treated rats (D—F; arrow-
heads). The boxed area indicated with the white line in (D) is enlarged and shown in Fig. 3A.
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Table 1
giant cells in seminiferous tubules (right column)
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Profile diameters of seminiferous tubules in the testis (left column) and occurrence of multinucleated

Experimental group

Diameter of seminiferous
tubules (pm)

Occurrence of seminiferous tubules
containing multinucleated giant
cells (giant cell positive/total)

Control rats
Leuprorelin-treated rats
Day 1
Day 4
Day 7
Day 14
Day 28
Degarelix-treated rats
Day 1
Day 4
Day 7
Day 14
Day 28

260.4 = 3.0

244.8 £ 1.9%**
198.7 + 2.6%**
146.1 £ 1.7%**
154.3 + 1.6%**
137.9 & 1.6%**

219.5 £ 2.9%**
234.2 £2.6%**
228.0 + 3.5%**
190.3 + 2.0%**
96.0 + 1.0***

0.0% (0/96)

5.8% (6/103)
24.7% (44/178)
21.2% (42/198)

8.4% (16/190)

1.6% (4/247)

0.0% (0/116)
0.8% (1/121)
0.0% (0/114)
1.1% (2/179)
0.3% (1/388)

Each value is expressed as the mean = S.E.M. To estimate the diameters of seminiferous tubules, 20 micrographs per
experimental group were used. Statistically significant differences in the profile diameters of seminiferous tubules
among the time points of each experimental group were detected by one-way ANOVA (P < 0.001 for both leuprorelin-
and degarelix-treated groups). The values indicated by asterisks are significantly different compared with the control
group (¥**P <0.001; determined by Tukey HSD post-hoc test following one-way ANOVA). The percentages of profiles
of seminiferous tubules containing multinucleated giant cells to the total number of profiles are shown in the right col-
umn. The numbers of profiles of seminiferous tubules observed for each experimental group are shown in parentheses.

phic changes in the testis. The mean diameter of
seminiferous tubules in the testis of rats receiving
the leuprorelin depot (Fig. 2B, D, F, H, J) was more
rapidly reduced than that of rats receiving the de-
garelix depot (Fig. 2C, E, G, 1, K; see also Table 1).
In the lumen of seminiferous tubules of rats on 1
day after receiving the leuprorelin depot, large clus-
ters of spermatogenic cells were abnormally liberat-
ed from the epithelial wall of seminiferous tubules
(Fig. 2B, arrows). In addition, anomalous giant cells
were frequently observed in the seminiferous epithe-
lium of rats receiving the leuprorelin depot from
day 4 to 14 of treatment (Fig. 2D, F, H, arrow-
heads). At a higher magnification, typical giant cells
contained more than five round nuclei (Fig. 3A). Im-
munocytochemically, these multinucleated giant
cells were located in the adluminal compartment of
the epithelium above the ZO-1-positive BTB and
surrounded by espin, a component of the ectoplas-
mic specialization (ES) between Sertoli cells and
spermatids (Fig. 3D, F) (2). These findings indicated
that the multinucleated giant cells had originated
from a cohort of spermatids that could not be prop-
erly separate during mitosis and meiosis. On day 28
of treatment with leuprorelin, the thickness of the
seminiferous epithelium became markedly reduced
compared with control rats, and relatively large
spermatocytes were directly exposed to the lumen

(Fig. 2J). The multinucleated giant cells were no
longer frequently observed in the epithelium.

In contrast to the drastic changes in the seminif-
erous tubules of rats receiving the leuprorelin depot,
no apparent changes were discerned in those of rats
receiving the degarelix depot until day 7 of treat-
ment (Fig. 2C, E, G, see also Fig. 3E). Only a small
amount of premature spermatids had detached from
the seminiferous epithelium and were observed in
the lumen (Fig. 2G, arrows), and no multinucleated
giant cells were observed in the testis of degarelix-
treated rats throughout the experimental period.
However, on day 14 of treatment with degarelix, the
diameter of seminiferous tubules and the epithelium
thickness were apparently reduced (Fig. 2I). Atro-
phic changes in the seminiferous tubules progressed
until day 28, and the mean diameter of the seminif-
erous tubules became about half of that in control
rats (Fig. 2K; see also Table 1). In the seminiferous
epithelium on day 28 of treatment with degarelix,
mature spermatozoa were not found, and relatively
large spermatocytes were located on the surface of
the epithelium (Fig. 2K), as observed in the seminif-
erous epithelium on day 28 of treatment with le-
uprorelin (Fig. 27J).

Semiquantitative evaluation confirmed the changes
in the diameter of seminiferous tubules and the fre-
quency of occurrence of multinucleated giant cells.
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Fig.3 Multinucleated giant cells in the seminiferous epithelium of rats on day 4 after administration of a depot formulation
of GnRH agonist leuprorelin. (A) Magnified view of the seminiferous tubule indicated in Fig.2D. Numerous giant cells con-
taining multiple nuclei were observed in the tubule. Bar = 20 pm. (B) Similar seminiferous tubule observed by SEM. Extraor-
dinarily large cells (asterisks) were observed in the tubule. The boxed area indicated with the white line is enlarged and
shown in Fig. 8B. Bar =20 pm. (C-E) Seminiferous epithelium immunostained with anti-espin (green pseudocolor) and anti-
Z0-1 (red pseudocolor) antibodies observed under a confocal laser scanning microscope. Nuclei were stained with DAPI
(blue pseudocolor). Differential interference contrast (DIC) images acquired by a transmission detector are overlaid on the
corresponding immunostained images. Note the massive exfoliation of spermatids in the lumen and occurrence of numer-
ous multinucleated giant cells (asterisks) in the seminiferous epithelium of the leuprorelin-treated rat on day 4 of treatment
(D). Seminiferous epithelia of a control rat (C) and degarelix-treated rat on day 4 of treatment (E) appeared to be properly
organized, including differentiated spermatids with an elongated tail. The boxed area indicated with the white line in (D) is
enlarged and shown in (F). Bar =20 pm. (F) Magnified view of the multinucleated giant cell (asterisk) indicated in (D). A
merged image of DAPI (blue), and anti-espin (green) and anti-ZO-1 antibody staining is shown in the left panel. Individual
signals for DAPI, espin, and ZO-1 in black and white are separately shown in F,, F,, and F;,, respectively. The giant cell
containing more than 10 nuclei (blue in F; white in F,) was surrounded by the signal for espin (red in F; white in F,) and lo-
cated above the BTB. Note that the BTB indicated by signals of both espin (red in F; white in F,) and ZO-1 (green in F;
white in F;) was preserved between the adjacent Sertoli cells (white arrowheads) at the basal area of the seminiferous epi-
thelium. Bar =20 pm.
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The giant cells first appeared in the seminiferous tu-
bules of rats receiving the leuprorelin depot on day
1, and the frequency of occurrence peaked from day
4 to 7, while giant cells were hardly observed in
rats receiving the degarelix depot throughout the ex-
perimental period (Table 1).

Differences in the ultrastructure of the seminiferous
epithelium between experimental groups at 7 days
after receiving GnRH agonist leuprorelin and antag-
onist degarelix

Because the differences in weight and histology of
the testis between experimental groups receiving the
GnRH agonist or antagonist were mostly manifested
on day 7 after the onset of treatment, we next com-
pared the ultrastructure of the seminiferous epitheli-
um in both groups of rats on day 7 after receiving
leuprorelin and degarelix depots.

Occurrence of the multinucleated giant cells and
exfoliation of the spermatids were confirmed on a
semithin section of the testis on day 7 of continuous
treatment with leuprorelin correlatively by light mi-
croscopy (Fig. 4A) and BSE-mode SEM (Fig. 4B-D).
In the seminiferous epithelium, mature spermatozoa
with a distinct tail were hardly found, and numerous
premature spermatids and multinucleated giant cells
had detached from the epithelium and were ob-
served in the lumen (Fig. 4C). A profile of multinu-
cleated giant cells mostly contained 5—10 nuclei and
other organelles characteristic of the spermatid, such
as the Golgi apparatus and fragments of acrosomal
vesicles (Fig. 4D), indicating that a giant cell con-
sisted of incompletely separated spermatids. The
chromatin atypically condensed into a ring at the
peripheral region of some nuclei in giant cells
(Fig. 4D, arrowheads), suggesting that the giant cells
were under degeneration, probably by apoptotic pro-
cesses (53). The cellular processes of Sertoli cells
were markedly retracted from the apical region of
the seminiferous epithelium, while the luminal spac-
es of the seminiferous tubule reciprocally intruded
between the spermatids and multinucleated giant
cells, thus accelerating premature exfoliation of
spermatogenic cells from the epithelium. However,
the basal part of Sertoli cells was seemingly intact,
where the BTB between adjacent Sertoli cells ap-
peared functional because the intercellular junctions
including tight junction and basal ectoplasmic spe-
cialization (basal ES) were properly preserved
(Fig. 4E, arrowheads). Small lipid droplets were oc-
casionally discerned in the basal cytoplasm of Ser-
toli cells (Fig. 4E).

In contrast to the seminiferous epithelium of le-
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uprorelin-treated rats described above, no multinu-
cleated giant cells appeared in the seminiferous
epithelium of rats on day 7 after receiving the de-
garelix depot. Spermatogonia, spermatocytes, and
spermatids with normal appearances were laid in or-
der as a cellular pile in the epithelium (Fig. 5). The
spaces between the piles of spermatogenic cells, in-
cluding maturating spermatids extending a tail, were
properly filled with the cytoplasm of cellular pro-
cesses of Sertoli cells (Fig. SA—C). Between Sertoli
cells in the basal compartment of the seminiferous
epithelium, numerous mitotic spermatogonia sur-
rounded with conspicuous extracellular spaces were
frequently encountered (Fig. 5D, E). These findings
suggested that treatment with the depot of degarelix
for 7 days did not induce atrophic changes in the
seminiferous tubules or impair the mitotic division
of spermatogonia.

Chronic changes in seminiferous tubules by treat-
ment with GnRH antagonist degarelix

Although no apparent changes were discerned in the
seminiferous tubules of rats until day 7 after receiv-
ing the degarelix depot, atrophic changes subse-
quently manifested in the seminiferous epithelium of
degarelix-treated rats.

In the seminiferous epithelium of rats on day 14
after receiving the degarelix depot, only a few mat-
urating sperms were found (Fig. 6A, B). Between
the perpendicularly aligned spermatids, there were
anomalous spaces intruded from the tubular lumen
(Fig. 6C). The adjacent Sertoli cells appeared to be
still interconnected by the intercellular junctions at
the basal compartment of the epithelium (Fig. 6D,
arrowheads), and spermatogonia beneath the BTB
also exhibited a normal appearance. Large lipid
droplets were frequently observed above the nucleus
of Sertoli cells located at the basal area of the semi-
niferous tubule (Fig. 6D, E).

The retraction of the cellular processes of Sertoli
cells toward the basal compartment was more prom-
inent in the seminiferous epithelium of rats on day
28 after receiving the degarelix depot (Fig. 7A-C).
The spermatocytes that had recently translocated
from the basal compartment to the upper compart-
ment across the BTB were often exposed directly to
the luminal space of seminiferous tubules (Fig. 7C,
arrowheads). Premature spermatids appeared to be
exfoliated from the epithelial wall into the lumen by
prolonged treatment with the degarelix depot, al-
though the spermatids did not form multinucleated
giant cells, but were apparently mono- or bi-nucleat-
ed cells (Fig. 7C, black arrows). Even at this time
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Fig.4 Seminiferous epithelium of a rat on day 7 after administration of a depot formulation of GnRH agonist leuprorelin
observed by correlative light and scanning electron microscopy. (A) Toluidine blue-stained semithin section of the rat testis
observed by light microscopy. (B) The identical area in (A) on the semithin section observed by BSE-mode SEM. Note that
the wide area of the specimen observed by light microscopy could be correlatively imaged at the electron microscopic level
without any obstruction. The boxed area indicated with the white line is enlarged and shown in (C). Bar =10 ym. (C) Semi-
niferous epithelium observed by BSE-mode SEM at a higher magnification. Note the massive detachment of round/prema-
ture spermatids from the epithelium. The boxed areas indicated with white lines are enlarged and shown in (D) and (E).
Bar =10 pm. (D) Magnified view of the multinucleated giant cell indicated in (C). Note that numerous electron-dense struc-
tures, probably derived from acrosomes, were surrounded by the multiple profiles of nuclei (N). Note that chromatin was
peripherally condensed in some nuclei (arrowheads). G: Golgi apparatus. Bar = 10 pm. (E) Higher magnification of the boxed
area indicated in (C). In the basal cytoplasm of Sertoli cells (SC), lipid droplets (LD) were occasionally observed. Note that
adjacent Sertoli cells apparently adhered firmly to each other at the basal compartment of the epithelium by continuous in-
tercellular junctions (arrowheads) including tight junction and basal ES. Bar =10 ym.
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point, the spermatogonia beneath the BTB appeared  space (Fig. 7C, D). Exposure of larger spermatocytes
to be intact (Fig. 7D). Accumulation of lipid drop-  to the lumen and accumulation of lipid droplets were
lets in Sertoli cells became more prominent on day  also observed in the seminiferous epithelium on day
28 compared with day 14, and the lipid droplets 28 of treatment with leuprorelin, although the lipid
were apparently translocated near to the luminal  droplets in leuprorelin-treated rats were much small-

Fig.5 Seminiferous epithelium of a rat on day 7 after administration of a depot formulation of GnRH antagonist degarelix
observed by correlative light and scanning electron microscopy. (A) Toluidine blue-stained semithin section of the rat testis
observed by light microscopy. (B) The identical area in (A) on the semithin section observed by BSE-mode SEM. The boxed
area indicated with the white line is enlarged and shown in (C). Bar = 10 ym. (C) Seminiferous epithelium observed by BSE-
mode SEM at a higher magnification. The epithelium was properly filled with Sertoli and spermatogenic cells of normal ap-
pearances. Differentiating spermatids with a tail were also observed. Note the spermatogonia during mitosis at the base of
the epithelium (arrowheads). The boxed areas indicated with white lines are enlarged and shown in (D) and (E). Bar =10 pm.
(D) Magnified view of the pair of spermatogonia indicated in (C). Note that these spermatogonia were surrounded by a
common space at the base of the epithelium, probably just after mitosis. LD: lipid droplet. Bar = 10 pm. (E) Magnified view
of the spermatogonia during mitosis indicated in (C). Two clusters of condensed chromatin were located separately at the
two opposite poles of the cell. Bar =10 pm.
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Fig.6 Seminiferous epithelium of a rat on day 14 after administration of a depot formulation of GnRH antagonist degarelix
observed by correlative light and scanning electron microscopy. (A) Toluidine blue-stained semithin section of the rat testis
observed by light microscopy. (B) The identical area in (A) on the semithin section observed by BSE-mode SEM. The boxed
area indicated with the white line is enlarged and shown in (C). Bar = 10 pm. (C) Seminiferous epithelium observed by BSE-
mode SEM at a higher magnification. Anomalous spaces appeared between round spermatids in the epithelium. Note
prominent accumulation of lipid droplets in the basal area of the epithelium. The boxed areas indicated with white lines are
enlarged and shown in (D) and (E). Bar = 10 um. (D) Higher magnification of the boxed area indicated in (C). Note the large
lipid droplet (LD) in the basal cytoplasm of a Sertoli cell (SC). Adjacent Sertoli cells apparently adhered firmly to each oth-
er at the basal compartment of the epithelium by continuous tight junctions (arrowheads), although luminal spaces (asterisk)
intruded just above spermatocytes (spc) between Sertoli cells. The spermatogonia (spg) observed below the intercellular
junction appeared to be intact. Bar = 10 ym. (E) Magnified view of another lipid droplet (LD) in the Sertoli cell (SC) shown
in (C). Tight junctions (arrowheads) were continuously formed between adjacent Sertoli cells. Bar = 10 pm.
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Fig.7 Seminiferous epithelium of the rats on day 28 after administration of the depot formulations of GnRH antagonist de-
garelix (A-D) and agonist leuprorelin (E) observed by correlative light and scanning electron microscopy. (A) Toluidine blue-
stained semithin section of the degarelix-treated rat testis on day 28 observed by light microscopy. (B) The identical area in
(A) on the semithin section observed by BSE-mode SEM. The boxed area indicated with the white line is enlarged and
shown in (C). Bar =10 pm. (C) Seminiferous epithelium observed by BSE-mode SEM at a higher magnification. The height
of the epithelium was markedly reduced. Round spermatids had largely exfoliated from the epithelium, and spermatocytes
(arrowheads) located just above the Sertoli cells were exposed directly to the lumen. Note the binucleated round spermatids
(black arrows) detached from the epithelium. The boxed area indicated with the white line is enlarged and shown in (D).
Bar =10 pm. (D) Higher magnification of the boxed area indicated in (C). Note that the accumulation of lipid droplets (LD)
in the basal cytoplasm of a Sertoli cell (SC) became more prominent compared with that on day 14 of treatment (Fig. 6).
Bar =10 pm. (E) Seminiferous epithelium observed on day 28 of leuprorelin treatment by BSE-mode SEM at the same
magnification in (C). Lipid droplets (white arrows) had also accumulated in the basal cytoplasm of Sertoli cells, but less
prominently compared with that in degarelix-treated rats (C). Note that the height of the epithelium was highly reduced, and
spermatocytes (arrowheads) were largely exposed to the luminal space (asterisk). Bar = 10 pm.
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er and less frequently encountered (Fig. 7E, white
arrows).

Changes in the 3D ultrastructure of Sertoli cells in
the seminiferous epithelium after administration of
depot formulations of GnRH analogues
Observations of KOH-digested testicular tissues by
SEM revealed the 3D ultrastructure of Sertoli cells in
leuprorelin- and degarelix-treated rats (Fig. 8). In the
seminiferous epithelium of control rats, apical cyto-
plasm of Sertoli cells was well extended between the
piles of spermatogenic cells (Fig. 8A). The apical
cytoplasmic processes appeared to be well preserved
between spermatogenic cells in the seminiferous ep-
ithelium of degarelix-treated rats until 7 days after
the onset of treatment (Fig. 8C), while the cytoplas-
mic processes of Sertoli cells in leuprorelin-treated
rats were largely deformed and the height of the ep-
ithelium was markedly reduced during the first week
of treatment (Fig. 8B, D). On day 28 of treatment,
the cytoplasmic processes of Sertoli cells in both
degarelix (Fig. 8E)- and leuprorelin (Fig. 8F)-treated
rats were prominently deformed and filled the large
part of the seminiferous epithelium instead of sper-
matids.

In summary, the seminiferous epithelium became
promptly atrophic by massive exfoliation of prema-
ture spermatids upon administration of the depot
formulation of GnRH agonist leuprorelin, whereas
the atrophic changes much slowly proceeded in
the seminiferous epithelium of GnRH antagonist de-
garelix-treated rats, even though enormous loss of
spermatids from seminiferous tubules occurred as a
common consequence after long term treatment with
each GnRH analogue.

DISCUSSION

Depot formulations of GnRH analogues that chron-
ically suppress the production of sex steroids in go-
nads have been widely used for the treatment of
androgen/estrogen-sensitive tumors and diseases
such as prostate cancer, uterine leiomyoma, prepu-
bertal maturation, and endometriosis (1, 11, 14, 39).
The present study clearly described the histological
and cytological changes in the seminiferous tubules
of male rats after receiving depot formulations of
two opposing types of GnRH analogues, agonist leu-
prorelin and antagonist degarelix. Similar to earlier
studies of GnRH agonists (35, 61) and antagonists
(4, 40, 51), long term treatments with GnRH ana-
logues, both leuprorelin and degarelix in the present
study, resulted in a similar atrophic consequence of
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the seminiferous tubules. The wet weight of a testis
and the mean diameter of seminiferous tubules were
markedly reduced at 4 weeks after administration of
both leuprorelin and degarelix depots. At this time
point, the height of the seminiferous epithelium was
markedly reduced, and most spermatids had disap-
peared from the adluminal compartment of the sem-
iniferous epithelium.

However, the changes observed in the seminiferous
tubules during the first 7 days after administration
were quite different between agonist- and antago-
nist-treated animals. Massive exfoliation (sloughing)
of premature spermatids into the tubular lumen and
anomalous multinucleated giant cells appeared spe-
cifically in the seminiferous epithelium of GnRH
agonist-treated rats, but not in that of GnRH antago-
nist-treated rats. Exfoliation of premature and/or ab-
normal spermatids has been reported in numerous
pathological states of seminiferous tubules (18, 57).
The anomalous release of extraordinary amounts of
premature spermatids putatively results from inade-
quate dissociation of the intercellular junctional
complex between spermatids and Sertoli cells. At
the adluminal compartment of the seminiferous epi-
thelium, unique intercellular junctional complexes,
the apical ES and tubulobulbar complex, tether
the differentiating spermatids to Sertoli cells during
spermiogenesis (21, 42, 43, 54, 65). Dissociation of
the intercellular junctions at the adequate timing is
essential for proper spermiation, a physiological step
to release mature spermatozoa into the tubular Iu-
men, while that at an inadequate timing presumably
results in pathological states such as the massive ex-
foliation of premature spermatids (30, 31, 33, 63).

In addition to the massive exfoliation of prema-
ture spermatids, multinucleated giant cells were fre-
quently observed in the seminiferous epithelium of
GnRH agonist-treated animals, but not in that of
GnRH antagonist-treated animals throughout the ex-
perimental period. The occurrence of multinucleated
giant cells has been reported in several experimen-
tal/pathological states of seminiferous tubules (6, 17,
38), including rat seminiferous tubules at 7 days af-
ter administration of a depot formulation of GnRH
agonist zoladex (56). The most well-described ex-
perimental condition that reproducibly induces mul-
ticellular giant cells in the seminiferous epithelium is
administration of a potential contraceptive drug, ad-
judin. Administration of adjudin to male rats prompt-
ly induces both exfoliation of spermatids and the
occurrence of multinucleated giant cells in the semi-
niferous tubules (9, 10), which are similar to the
changes in the seminiferous epithelium shortly after
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Fig.8 3D ultrastructure of Sertoli cells in the seminiferous epithelium of leuprorelin (B, D, F)- and degarelix (C, E)-treated
rats on day 4 (B), day 7 (C, D), and day 28 (E, F) of treatments. The seminiferous epithelium of a control rat is shown in
(A). After preparation according to the simple KOH digestion method by Ushiki and Ide (55), testicular tissues were ob-
served by SEM at the same magnification. The apical cytoplasm of Sertoli cells (blue) in the seminiferous epithelium of leu-
prorelin-treated rats had promptly deformed on day 4 from the onset of treatment (B), whereas that of degarelix-treated rats
was still properly extended between the piles of spermatocytes and spermatids even on day 7 (C), which was similar to
that in control rats (A). On day 28 of treatment, the apical cytoplasm of Sertoli cells of both degarelix (E)- and leuprorelin
(F)-treated rats had largely retracted and deformed, and large spermatocytes were located near the lumen of seminiferous
tubules. Note the extraordinarily large giant cells observed on days 4 and 7 of leuprorelin treatment (asterisks). On day 28
of degarelix treatment, spherical lipid droplets were frequently observed through the partially cracked cytoplasm of Sertoli
cells (E; orange). Bars = 10 ym.
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administration of the leuprorelin depot in the present
study. Because proper separation of spermatids de-
rived from a common cohort presumably needs ade-
quate structural support by adjacent Sertoli cells
(30), administration of adjudin putatively impairs
the intercellular adhesion machinery between Sertoli
cells and spermatogenic cells, especially the apical
ES, thus resulting in premature release and inade-
quate separation of differentiating spermatids in
seminiferous tubules (25, 26).

The transient but explosive increase in secretion
of pituitary gonadotropins and testosterone, which
only occurs in the acute phase of GnRH agonist
treatment (34, 36), possibly exerts similar effects on
the sealing properties of intercellular junctions be-
tween Sertoli cells and spermatogenic cells. In par-
ticular, one of the gonadotropins, FSH, suppresses
the nonclassical signaling pathway evoked by testos-
terone that maintains the function of the apical ES,
leading to a reduction of intercellular adhesion be-
tween Sertoli cells and differentiating spermatids
(48, 58). Under the influence of excessive FSH
shortly after administration of a GnRH agonist, a
cohort of interconnected spermatocytes in meiosis is
possibly translocated prematurely through the loos-
ened BTB to the adluminal compartment where the
cohort forms an anomalous multinucleated giant cell
because of cytokinetic separation failure. A report
demonstrating that degenerating polynucleated cells
occur in the seminiferous tubules of male rats treat-
ed continuously with highly purified human FSH,
but not in those treated with testosterone alone (3),
supports the involvement of excessive FSH in the
pathogenesis of histological changes specifically seen
in the acute phase of GnRH agonist treatment in the
present study.

In contrast to the acute changes described above,
the histopathological consequences in the seminifer-
ous epithelium at 28 days after administration of the
leuprorelin and degarelix depots resembled each
other. Both round and elongated spermatids were al-
most lost in the seminiferous epithelium, and rela-
tively larger spermatocytes before the final cell
division of meiosis were exposed directly to the tu-
bular lumen. Thus, the fate of the differentiating
spermatids residing in the seminiferous epithelium
at the onset of treatment with degarelix remains to
be elucidated. Depletion of testosterone caused by
the continuous influence of GnRH analogues presum-
ably blocks spermiogenesis and spermiation around
stages VII/VIIL (32, 51), and the persistent germ
cells in the seminiferous epithelium are prone to
apoptosis (49, 50). Progressive accumulation of lip-
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id droplets in Sertoli cells during long term treat-
ment with GnRH analogues, especially with antago-
nist degarelix observed in the present study, suggests
the acceleration of phagocytic disposal of residual
and/or defective spermatids by the surrounding Ser-
toli cells (12, 27, 62).

As a common consequence after prolonged treat-
ments with both the GnRH agonist and antagonist,
the height of the seminiferous epithelium was mark-
edly reduced, supposedly resulting from the retraction
of apical cytoplasm of Sertoli cells and the latently
progressive liberation of premature spermatids. Pre-
vious studies have demonstrated that loss of gonad-
otropins and/or testosterone not only reduces the
adhesive strength of intercellular junctions between
Sertoli and spermatogenic cells, but also affects the
organization of cytoskeletal elements in Sertoli cells
(47). Because Sertoli cells provide a niche for sper-
matogenesis, disorganization of the cytoskeleton in
the apical cytoplasm of Sertoli cells crucially leads
to abrupt exit of spermatids from the seminiferous
epithelium above the BTB promptly after meiosis
(18, 47, 52, 60). Regression of spermatogenesis at
late meiosis due to loss of plasma gonadotropins
and intratesticular testosterone (13, 58) also fore-
grounds the residual large spermatocytes directly
facing the lumen, as observed in the seminiferous
epithelium at the late phase after administration of
both GnRH agonist leuprorelin and antagonist de-
garelix depots.

In summary, the present study clearly demonstrat-
ed the differences in the effects of two opposing
types of GnRH analogues, the agonist leuprorelin and
antagonist degarelix, on the rat seminiferous epithe-
lium. The GnRH agonist promptly induced massive
exfoliation and inadequate separation of premature
spermatids by its own hyperstimulatory effect during
the early phase after administration, whereas the
GnRH antagonist caused no apparent changes shortly
after administration, although the histopathological
consequences after long term treatment with both
types of GnRH analogues were similarly atrophic
changes and regression of spermatogenesis in semi-
niferous tubules. The comparison of the effects of the
two substantially different types of GnRH analogues
could possibly contribute to making more appropri-
ate choices of GnRH analogues for clinical use to
minimize adverse effects on spermatogenesis in the
testis when reproductive functions should be pre-
served. For this purpose, recovery processes of the
seminiferous epithelium after ceasing treatment with
long-acting GnRH analogues should be compared
further in detail.
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