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ABSTRACT: Exposure to cisplatin results in impaired spermato-
genesis, azoospermia, and, sometimes, permanent infertility in male
patients. The mechanism(s) by which cisplatin induces damage to
testicular cells is poorly understood. We previously reported that
acute exposure to cisplatin results in elevated germ cell apoptotic
rates and that this indicates long-term damage to the seminiferous
epithelium. Here, we present data that implicate an injury to Sertoli
cells as a possible mechanism to explain an elevated rate of germ
cell apoptosis and consequent infertility. Normal adult C57/Bl/6J
mice were exposed to 1, 2, or 4 rounds of 1, 2.5, or 5 mg/kg cisplatin
in a regimen designed to resemble clinical chemotherapeutic expo-
sure (1 injection daily for 5 days with a recovery phase of 16 days
between cycles). A dose-dependent reduction in testicular weight
due to germ cell loss was observed. While exposure to 1 mg/kg

caused only temporary germ cell depletion, higher doses (2.5 and 5
mg/kg) revealed widespread testicular atrophy as evidenced by gaps
in the epithelium due to cytoplasmic vacuolization and loss of dif-
ferentiating germ cells. Although the acute loss of germ cells by
apoptosis can result in temporary infertility, the testis has the ability
to repopulate itself with mature cells, provided the stem germ cell
population remains unharmed. Here, we demonstrate that a sus-
tained disruption of spermatogenesis occurs despite the continued
presence of stem spermatogonia in the seminiferous epithelium.
These results suggest that cisplatin-induced germ cell loss may oc-
cur, in part, as a result of Sertoli cell injury-dependent alterations in
germ cell microenvironment.
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Testicular germ cell tumors (TGCTs) are the most
common malignancy in adult men between 15 and 45

years of age (Fossa et al, 1988). Most germ cell malig-
nancies, even post metastasis, are efficiently eliminated
by a combination of cisplatin-based chemotherapy, sur-
gery, and radiotherapy, leading to an overall cure rate of
about 95% (Einhorn, 1990). Patients undergoing chemo-
therapy for TGCTs are usually of reproductive age, and
a large proportion remain azoospermic for prolonged pe-
riods or are rendered permanently infertile. It has been
suggested that long-term infertility, or permanent azoo-
spermia, due to chemotherapeutic treatment will occur in
more than 50% of patients receiving a cumulative dose
of more than 600 mg/m2 cisplatin (Pont and Albrecht,
1997). Although the acute loss of germ cells by apoptosis
can result in temporary infertility, the testis has the ability
to repopulate itself with mature cells, provided the stem
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germ cell population remains unharmed. Permanent in-
fertility is generally believed to be the result of loss of
stem spermatogonia, and the duration of azoospermia is
believed to be related to the numbers of stem cells killed
(Meistrich et al, 1989). According to Schrader et al, most
stem spermatogonia survive chemotherapy if the cumu-
lative dose of cytotoxic drugs does not surpass 600 mg/
m2, and spermatogenesis recovery is then imminent
(Schrader et al, 2002), although it can take several years
(Pogach et al, 1989; Petersen et al, 1998) or may even
persist indefinitely (reviewed in Meistrich, 1998). At
higher doses of chemotherapy, gonadal toxicity is severe
and persistent (Ishikawa et al, 2004), and the destruction
of type A spermatogonia accounts for the sustained (or
irreversible) loss of sperm production (Schrader et al,
2002; Seaman et al, 2003).

The cytotoxic effects of cisplatin and other
chemotherapeutic drugs result, in part, from their inter-
actions with DNA (Zamble and Lippard, 1995; Wozniak
and Blasiak, 2002; Lee and Schmitt, 2003). DNA-plati-
num covalent adducts inhibit fundamental cellular pro-
cesses including replication, transcription, translation, and
DNA repair (Wozniak and Blasiak, 2002). In experiments
with testicular germ cell tumor lines, apoptosis was a
common response to cisplatin treatment (Barry et al,
1990; Huddart et al, 1995; Sark et al, 1995; Burger et al,
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Exposure sets for cisplatin treatment*

Sets

Cisplatin
Dose,
mg/kg

Exposure
Cycles

Recovery Period

Cycles Days

Cumulative
Dose of

Cisplatin,
mg/kg

Set 1.0/A
Set 1.0/B
Set 2.5/A
Set 2.5/B
Set 2.5/C

1.0
1.0
2.5
2.5
2.5

1
2
1
1
2

0.5
1
0.5
1.5
1

17
34
17
55
34

5.0
10.0
12.5
12.5
25.0

Set 2.5/D
Set 2.5/E
Set 2.5/F
Set 2.5/G
Set 2.5/H

2.5
2.5
2.5
2.5
2.5

2
2
2
4
4

2.7
4
4.5
2
4

94
136
157
70

142

25.0
25.0
25.0
50.0
50.0

Set 5.0/A
Set 5.0/B

5.0
5.0

1
2

1.5
1

55
34

25.0
50.0

* Adult C57 mice were given either 1, 2, or 4 rounds of 1, 2.5, or 5 mg/
kg cisplatin in 0.9% saline. Total cumulative dose received by each group
of mice and the recovery period after the last injection varied between
groups as indicated. Control animals in each group received a similar
volume of 0.9% saline vehicle. Each exposure set consisted of at least
3 vehicle control and 6 cisplatin-treated animals.

1997), but the mechanisms by which germ cells undergo
apoptosis are not understood at the molecular level. It is
believed that the recognition of cisplatin-DNA adducts by
nuclear proteins and the formation of DNA-protein cross
links is responsible for the anticancer activity of cisplatin
(Wozniak and Blasiak, 2002). This sensitivity of testicular
germ cells to cisplatin may be related to their inherent
ability to undergo apoptosis (Huddart et al, 1995; Seaman
et al, 2003; Spierings et al, 2003). Effects of cisplatin
exposure on somatic cells of the testis (Leydig and Ser-
toli) have been evaluated, but the mechanism(s) remains
to be elucidated. Disruption of the blood-testis barrier and
decreased secretion of inhibin-B and transferrin from the
Sertoli cells have been frequently reported after cisplatin
injury (Pogach et al, 1989; Gotoh et al, 1990; Huang et
al, 1990; Kopf-Maier, 1992; Nambu and Kumamoto,
1995; Nambu et al, 1995; Aydiner et al, 1997; Brenne-
mann et al, 1997; Monsees et al, 2000). However, these
studies have been performed after acute exposure to cis-
platin, do not discuss long-term functional insufficiency
of Sertoli cells, and are not reflective of cisplatin doses
and toxicity encountered during clinically relevant che-
motherapeutic regimens. In the case of Leydig cells, only
compensatory functional insufficiency has been reported
without any known clinical significance of this dysfunc-
tion (Hansen et al, 1990; Hansen, 1992; Hansen and Han-
sen, 1993; Fossa et al, 1995; Palmieri et al, 1996; Bren-
nemann et al, 1997, 1998; Jakob et al, 1998; Howell and
Shalet, 1998, 2001, 2002), except in 1 report that dem-
onstrated a persistent failure of Leydig cell function fol-
lowing exposure to high acute doses of cisplatin (Gerl et
al, 2001). From these investigations it is easily appreci-
ated that an understanding of the mechanisms of testicular
injury during chemotherapy-related subchronic exposure
is required to ensure the design of optimal chemothera-
peutic regimens based on individual patient prognoses
and for ensuring postsurvival quality of life.

Here, we characterize a mouse exposure model de-
signed to evaluate alterations in testicular histopathology
and to study the pathogenesis of testicular germ cell loss
after subchronic cisplatin exposure that closely mimics
that encountered during chemotherapeutic regimens in the
clinic. We report that cisplatin-induced germ cell loss is
likely due to both direct effects on germ cells and their
consequent death by apoptosis and Sertoli cell injury-de-
pendent alterations in germ cell development, differenti-
ation, and release of spermatozoa.

Materials and Methods

Animals
Adult male C57/BL/6J (C57) mice (11-week-old) (Jackson Lab-
oratories, Bar Harbor, Me) were acclimatized 1 week prior to

experiments (3 mice/cage in standard rodent cages). The animal
room climate was kept at a constant temperature (238C 6 18C)
at 30%–70% humidity with a 12 h alternating light-dark cycle.
Animals were given water and standard lab chow ad libitum. All
procedures involving animals were performed in accordance
with the guidelines of the University of Texas at Austin’s Insti-
tutional Animal Care and Use Committee (IACUC) in compli-
ance with guidelines established by the National Institutes of
Health (NIH).

Cisplatin Exposure Protocol
Adult male C57 mice (mean weight 27 g) received 1, 2, or 4
rounds (1 intraperitoneal injection daily for 5 days with a recov-
ery phase of 16 days between cycles) of 1, 2.5, or 5 mg/kg
cisplatin in 0.9% saline (Sigma Aldrich, St Louis, Mo). In this
regimen, the 2.5 mg/kg dose was the maximal dose compatible
with complete mouse survival and not overt toxicity (death, loss
of weight). The 5 mg/kg dose resulted in high animal mortality
and data from these exposure sets is presented here in order to
emphasize the severity of systemic and testicular injury. Intra-
peritoneal injections resulted in greater damage to the seminif-
erous tubules at the periphery of the testis due to direct exposure
from the drug in the peritoneal cavity; however, damage was
observed throughout the testis. Furthermore, intraperitoneal in-
jections for the evaluation of cisplatin-induced testicular toxicity
in rodents have been frequently used in previous investigations
(Gotoh et al, 1984, 1990; Pogach et al, 1989; Huang et al, 1990;
Nambu and Kumamoto, 1995). Control animals received a sim-
ilar volume of 0.9% saline. Exposure sets have been summarized
in the Table. Cumulative mouse doses, comparative with clinical
human doses in mg/m2, can be calculated using a factor of 3.3,
which is the ratio of weight to surface area for a 26-g mouse
(Freireich et al, 1966). During the course of this work, total
cumulative cisplatin doses ranged between 16.5 and 165 mg/m2.
Injections were initiated for all exposure sets on day 1, and sub-
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Figure 1. Testicular weight per 100 g body weight ratios (a and b) and body weights (c and d) for C57 mice exposed to (a and c) 2.5 mg/kg or (b
and d) 5 mg/kg cisplatin (n 5 2). Exposure sets have been summarized in the Table. Asterisks represent statistically significant differences in
comparison to controls (P # .05).

sequent rounds of exposure were initiated on days 22, 43, and
64. Groups of 6 cisplatin-treated and 3 vehicle-treated mice were
sacrificed by CO2 inhalation at the time points indicated, and
both testes were rapidly removed and processed for analyses.
The duration of 1 complete spermatogenesis cycle, that is, the
number of days required for a type A1 spermatogonium to be
transformed into an elongate spermatid, is 35 days in mice. Thus,
after receiving the last injection, animals were allowed to recover
for multiples of this time period (Table). Exposure sets are de-
fined based on the number of rounds of cisplatin exposure and
the day of sacrifice, at which time the right testis was flash frozen
in liquid nitrogen and stored at 2808C and the left testis was
immersion fixed overnight in Bouin solution (Polysciences, Inc,
Warrington, Pa), washed in 70% EtOH-Li2CO3 (saturated solu-
tion, Mallinkrodt, Paris, Ky), and embedded in paraffin.

Histology and Immunohistochemistry
For evaluation of testicular histopathology Bouin fixed paraffin
embedded testis cross sections (5 mm) were transferred onto
poly-L-lysine coated slides and deparaffinized in CitruSolv (Fish-
er Scientific, Pittsburg, Pa) for 10 minutes, followed by rehy-
dration in a graded alcohol series. For periodic acid–Schiff
(PAS-H) staining, tissue cross sections were stained in periodic
acid (0.5% wt/vol in distilled water) for 10 minutes, rinsed sev-
eral times in water, and stained in Schiff reagent (Fisher Scien-
tific) for 30 minutes at room temperature. After several washes
in distilled water, the tissue was counterstained with a dilute
solution of hematoxylin in water to provide a light background
for histological evaluation. Immunohistochemical localization of
both GATA-4 (a Sertoli cell nuclear antigen) and GCNA1 (a
germ cell nuclear antigen) was performed according to our pre-

viously described protocols (Giammona et al, 2002) using a goat
polyclonal primary antibody for GATA-4 (C-20, sc-1237; Santa
Cruz Biotechnology, Santa Cruz, Calif) and a rat monoclonal
antibody for GCNA1 (10D9G11; a gift from Dr George C En-
ders, University of Kansas Medical Center, Kansas City, Kan).
Slides were viewed with a Nikon E800 microscope and images
were captured using a Nikon CoolSNAP digital camera and pro-
cessed using MetaMorph Imaging System (v 4.1) and Adobe
PhotoShop 7.0 (Adobe, San Jose, Calif).

Statistics
Significance between groups (P , .05) was evaluated using para-
metric single factor analysis of variance (ANOVA) with Fisher
protected least significance differences (PLSD) test comparison
using Statview software (SAS Institute Inc, Cary, NC).

Results

Testis and Body Weights
A significant reduction in testicular weight (as a function
of total body weight) and total body weight was observed
after subchronic exposure of C57 mice cisplatin at 2.5
and 5.0 mg/kg doses (Figure 1; testicular weights are rep-
resented in grams per 100 g of body weight). After a
single round of exposure, C57 mice demonstrated a 31%
decrease in average testicular weight (set 2.5/A, Figure
1a, see the Table for description of exposure sets). This
loss in testicular weight was partially recoverable after
the animals were allowed to recover for a complete sper-
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matogenesis cycle (set 2.5/B). An increase in cisplatin
dose, after a second round of cisplatin, resulted in a much
more dramatic decrease in testicular weight (set 2.5/C;
57% reduction, Figure 1a), and testicular recovery was
only partially reversible. Testis weights for these mice
climax at about 80% of controls, despite nearly complete
recovery in body weight (Figure 1c), even after being
allowed to recover for 2, 4, or more spermatogenesis cy-
cles (sets 2.5/D, E, and F, Figure 1a). A further increase
in cisplatin dose, after 4 rounds of exposure, results in far
greater damage to the seminiferous epithelium with the
testicular weights reduced to about 25% in comparison
with age-matched controls. This injury appears irrevers-
ible, and the mice demonstrate no evidence for recovery
in testicular weight even after recuperating for 4 sper-
matogenesis cycles (sets 2.5/G and H, Figure 1a). These
mice also show a slight, though statistically significant,
reduction in body weight (Figure 1c) (set 2.5/H 29.2 6
0.6 P 5 .058).

At 5 mg/kg, each 5-day round of cisplatin at 5 mg/kg
equaled a total cumulative dose of 25 mg/kg (82.5 mg/
m2), and resulted in a drastic reduction in body weight
(Figure 1d) and about 66.6% animal mortality (4 out of
6 animals in each exposure set). Evaluation of testis and
body weights for this dose was thus performed for 2 sur-
viving mice from each exposure group, and is presented
here, without statistical significance, in order to empha-
size the severity of systemic and testicular injury, espe-
cially after 2 rounds of exposure (set 5.0/B; Figure 1b
and d). At 1 mg/kg, cisplatin did not appear to cause any
significant alterations in testicular weights (data not
shown).

Histopathology of Cisplatin-Exposed Mouse Testes
Evaluation of testicular histopathology of cisplatin-ex-
posed testis cross sections revealed severe and dose-de-
pendent atrophy and germ cell loss, which correlated with
testicular weight. At the lowest dose (1 mg/kg), cisplatin
did not cause any significant alterations in testicular his-
topathology at all the time points evaluated and is not
presented here. The most interesting results were ob-
served after exposure to 1 or more rounds of cisplatin at
2.5 mg/kg. After a single round of cisplatin (set 2.5/A,
Figure 2b), in comparison with vehicle-treated mice (Fig-
ure 2a), a decreased cellularity was observed coupled
with a reduction in the height of the seminiferous epithe-
lium. Sertoli cell vacuoles, apical sloughing and shedding
of cellular material, and absence of specific cell popula-
tions were seen in as many as 90% tubules in a given
testis cross section. For example, the stage VII–VIII tu-
bule shown in Figure 2b has a relatively normal comple-
ment of preleptotene spermatocytes and step 16 sperma-
tids but shows a complete absence of pachytene sper-
matocytes and contains very few round step 7–8 sper-

matids. After the mice were allowed to recover for 1
complete spermatogenesis cycle (set 2.5/B), approximate-
ly half the tubules in a cross section demonstrated normal
spermatogenesis, which would account for the recovery
in testicular weight (Figure 1a). However, the remaining
tubules, approximately 55%, continued to show decreased
cellularity, Sertoli cell vacuolation, sloughing of cellular
material, and missing generations of cells, indicating only
partial recovery. The stage I tubule depicted in Figure 2c
shows relatively normal complements of early pachytene
spermatocytes and condensing step 13 spermatids, but it
shows a dramatic reduction in step 1 round spermatids,
which are completely absent over half the circumference
of the tubule and in Figure 2d. The stage V tubule shows
a drastic reduction in step 15 spermatids and has a re-
duced number of pachytene spermatocytes and step 6
round spermatids.

Increasing the exposure to 2 rounds of cisplatin at 2.5
mg/kg results in an exacerbation of these symptoms. Even
after recovery for a complete cycle of spermatogenesis, a
reduction in seminiferous tubule diameter is accompanied
by widespread atrophy, evidenced by gaps in the epithe-
lium due to cytoplasmic vacuolization and failure of de-
velopment of later stage differentiating germ cells (round
and elongating spermatids; set 2.5/C, Figure 3a) in most
tubules. After recovery for 2 spermatogenesis cycles (set
2.5/D), the presence of severely atrophied tubules provid-
ed evidence for long-term damage to some of the tubules
(Figure 3b). Only as few as 7% to 8% tubules in these
mice presented normal cellular associations due to the
absence of specific germ cell subpopulations, such as the
absence of an entire generation of spermatocytes, round
spermatids, or mature spermatids. Furthermore, recuper-
ation of these mice for 4 or more cycles of spermatogen-
esis (sets 2.5/E and F) did not provide any significant
advantage. Testicular recovery in these mice was only
partially reversible, which correlates with the testicular
weight, which climaxed at about 80% with respect to con-
trols.

Histopathological evaluation of mice that were exposed
to 4 rounds of 2.5 mg/kg cisplatin, resulting in a total
cumulative dose of 50 mg/kg (165 mg/m2), revealed ex-
tremely severe injury to the seminiferous epithelium. A
drastic reduction in tubular diameter was evident, which
correlated with the drop in testicular weight. Testicular
cross sections consisted of mostly small ‘‘Sertoli cell
only’’ tubules with large cytoplasmic vacuoles (Figure
3c). When the same cumulative dose of cisplatin (50 mg/
kg; 165 mg/m2) was administered over a shorter time pe-
riod (5 mg/kg, 2 rounds), it was highly deleterious to the
testis and also to the overall well being of the animal,
resulting in about 66.6% animal mortality. Evaluation of
the testes of the 2 surviving mice from this exposure set
revealed a similar reduction in seminiferous tubule di-
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Figure 2. Histopathology for C57 mice exposed to 1 round of chemotherapy at 2.5 mg/kg. (a) Vehicle control (saline 0.9%), stage VIII; (b) set 2.5/A,
increased luminal size, reduced cellularity due to absence of pachytene spermatocytes, and reduced numbers of round spermatids; (c) set 2.5/B,
reduced cellularity due to markedly reduced numbers of step 1 round spermatids; (d) set 2.5/B, overall reduction in cellularity and drastic reduction in
step 15 spermatids; bar equals 50 mm.

ameter and atrophy to the seminiferous epithelium (Figure
3d, set 5.0/B). This was accompanied by extensive vac-
uolation of the cytoplasm (Figure 3d).

Immunohistochemistry
In order to determine the cell types lost after cisplatin
exposure, immunohistochemical localization of GATA-4
(a Sertoli cell nuclear antigen) and GCNA1 (a germ cell
nuclear antigen), was performed on 5-mm cross sections
of cisplatin-exposed mouse testes. Immunostaining for
GCNA1 revealed the abundant presence of spermatogonia
and differentiated germ cells in mice exposed to 1 or 2
rounds of cisplatin at both 2.5 (Figure 4b) and 5 mg/kg
(Figure 4c). In contrast, after exposure to 4 rounds of
cisplatin at 2.5 mg/kg, only /5% tubules showed the pres-
ence of differentiating spermatogenic cells (Figure 4d,
sets 2.5/G and H) and hence there must be surviving,
functional stem cells in this region of tubules. Immuno-
staining for GATA-4, a Sertoli cell nuclear antigen, re-

vealed large numbers of Sertoli cell nuclei in testis cross
sections from cisplatin-treated mice, indicating that there
was no loss of Sertoli cells as a consequence of cisplatin
exposure (Figure 5).

Discussion

Male patients receiving cisplatin-based chemotherapy for
testicular cancer and other solid tumors sustain severe and
sometimes irreversible damage to the seminiferous epi-
thelium (Brennemann et al, 1997; Pont and Albrecht,
1997; Howell and Shalet, 2001). Since many of these pa-
tients are treated with chemotherapeutic agents before and
during their reproductive years, and cure rates for several
types of cancer are high, sterility caused by treatment is
a very significant concern (reviewed in Meistrich, 1998).
To understand the sequence of events leading to cisplatin-
induced damage and the cellular mechanism(s) of this
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Figure 3. Histopathology for C57 mice exposed to cisplatin at 2.5 and 5.0 mg/kg. (a) Set 2.5/C, widespread damage, extensive vacuolation, and
absence of spermatids in this field; (b) set 2.5/D, complete atrophy and loss of cellularity in the tubules shown here; (c) set 2.5/G, widespread atrophy,
reduced tubular size, and loss of all germ cells; (d) set 5.0/B, failure of recovery of spermatogenesis and extensive vacuolation. Only a few spermatids
remain; (a and b) bar equals 100 mm and (c and d) bar equals 50 mm.

damage, a comprehensive study of the impact of drug
exposure on all components of spermatogenesis is re-
quired. To date, no such comprehensive study has been
conducted. Elucidation of the nature of permanent testic-
ular injury will assist the task of developing cisplatin-
based chemotherapeutic treatment strategies aimed at
minimizing this damage.

In this study, we characterized the pathology of cis-
platin-induced damage following a subchronic exposure
regimen designed to resemble clinical exposure in an at-
tempt toward understanding the mechanisms of irrevers-
ible testicular injury. This is a first step toward testing
whether a toxicity threshold exists between permanent
damage versus eventual recovery. The pathological dif-
ferences between the exposure sets described in the ‘‘Re-
sults’’ section demonstrate the existence of this toxicity
threshold. While the 5 mg/kg dose is extremely lethal to

the animal, resulting in the death of 4 out of 6 animals
in each exposure set, survival of stem spermatogonia
(Figure 4c) indicates a possibility for the recovery of
spermatogenesis after an almost complete depletion of
differentiating germ cells (Figure 3d, sets 5.0/A and B).
Similarly, up to 2 rounds of cisplatin at 2.5 mg/kg allowed
spermatogonial survival (Figure 4b) and recovery of sper-
matogenesis and testicular weight even after extensive
germ cell depletion and epithelial atrophy. However,
when exposed to 2.5 mg/kg cisplatin for a prolonged pe-
riod at 4 rounds of exposure, animals lost a substantial
percentage (/95%) of their stem spermatogonia, indicated
by 95% of the tubules being devoid of germ cells (Figure
4d). The presence of even 5% stem spermatogonia pro-
vides evidence for their survival after cisplatin exposure,
as has been suggested before (Meistrich, 1998; Schrader
et al, 2002). It is intuitive to reason that with fewer sper-
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Figure 4. Immunohistochemical localization of GCNA1 in seminiferous tubules of mice exposed to cisplatin. Incubation with primary antibody
(10D9G11) revealed specific staining of spermatogonia and differentiating germ cell nuclei, which were abundantly present (a) assay control (no
primary antibody), bar equals 100 mm (b) set 2.5/C, bar equals 50 mm (c) set 5.0/A, bar equals 100 mm (d) set 2.5/H, bar equals 250 mm.

matogonia, the restoration of small foci of functional
spermatogenesis may require several years (Petersen et al,
1998) or may even result in permanent infertility (Meis-
trich, 1998; Petersen et al, 1998). It has previously been
shown, during evaluation of testicular biopsies from azo-
ospermic men with Sertoli cell only syndrome, that ma-
ture sperm can be isolated from small foci of spermato-
genesis within the testicular parenchyma (Mulhall et al,
1997; Howell and Shalet, 1999). In a time frame relative
to humans (5–10 years), these foci of spermatogenesis
could in fact result in an eventual recovery of fertility.

Previously, we have shown that exposure to an acute
dose of cisplatin resulted in an elevated germ cell apo-
ptotic rate (Seaman et al, 2003). While this elevation in
germ cell apoptotic rate is observed in the initial days
(days 14–21) after subchronic cisplatin exposure, a de-
cline is evident soon after (data not shown). However, this
decline in germ cell apoptotic rate occurs not as a result

of a reduced level of apoptosis within the testis but as a
result of the absence of germ cells themselves. Exposure
to both 2.5 and 5.0 mg/kg cisplatin resulted in seminif-
erous tubule atrophy characterized by the appearance of
cytosolic vacuoles, apical sloughing, shedding of cellular
material into the lumen, and a massive loss of germ cells,
which are all manifestations of Sertoli cell injury (Boe-
kelheide, 1993). Further recovery resulted in the appear-
ance of tubules that lacked standard stage-specific cellular
associations because of the absence of specific germ cell
subpopulations, such as an entire generation of spermato-
cytes, round spermatids, and mature spermatids (Figures
2 and 3). This could be the consequence of either the loss
of those specific populations via apoptosis or a failure of
the previous generation to differentiate. Although the con-
tinued incidence of germ cell apoptosis is observed at all
recorded time points, it is not high enough to account for
missing generations in the germ cell population (data not
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Figure 5. Immunohistochemical localization of GATA4 in seminiferous tubules of mice exposed to cisplatin. Incubation with primary antibody (sc-1237)
revealed specific staining of equivalent numbers of Sertoli cell nuclei in cisplatin and vehicle-treated animals (a) assay control (no primary antibody)
(b) vehicle control (saline 0.9%) (c) set 2.5/C (d) set 5.0/B; bar equals 100 mm.

shown). Thus the latter probability of germ cells failing
to differentiate appears more plausible. For example, if a
set of proliferating type A spermatogonia underwent a
doubling division and none of them entered differentia-
tion, the result would be a gap in differentiating germ cell
stages. Absence of 1 or more germ cell generations due
to the failure of previous stages to differentiate has been
reported before in mice that carry mutations in the sper-
matogonial gene, Plzf (Buaas et al, 2004) and in mice that
have decreased expression of GDNF (1/2) (Meng et al,
2000). Glial cell line–derived neurotrophic factor
(GDNF), secreted by Sertoli cells, is known to influence
the cell fate of undifferentiated spermatogonia. This ob-
servation adds further credence to our suggestion that cis-
platin-induced injury to Sertoli cells results in alterations
in spermatogenesis and testicular histopathology.

After exposure to 2 rounds of cisplatin, the initial loss

of germ cells and testicular weight was only partially re-
versible, and the average testicular weights of these mice
climaxed at about 80% of controls, even after recovery
for 4 or more spermatogenesis cycles (Figure 1). Many
of the seminiferous tubule cross sections of these animals
are abundantly populated with stem spermatogonia and
differentiating germ cells. The stagnation in recovery of
spermatogenesis could be due to several factors. One pos-
sible factor is that the migration of surviving stem cells
to populate other regions of the same tubule can be lim-
ited (van den Aardweg et al, 1983), and another is that
some of the approximately 20% tubules within the testis
may be completely devoid of stem cells. Also the obser-
vation of tubules with missing germ cell stages, long after
cisplatin treatment has been concluded, indicates that
there is a permanent dysregulation of the regularity of
stem cell self-renewal and differentiation. This failure of
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complete recovery of spermatogenesis could be the con-
sequence of damage to somatic cells of the seminiferous
epithelium, that is, the Sertoli cells.

The dose-dependence of our observations agrees with
the suggestions of Schrader et al (Schrader et al, 2002)
wherein as long as defined cumulative doses of cytotoxic
drugs are not surpassed (600 mg/m2), human stem cell
spermatogonia survive chemotherapy and form the basis
for the recovery of spermatogenesis. A destruction of type
A spermatogonia at higher doses leads to a sustained or
irreversible loss of sperm cell production (Schrader et al,
2002). While mice appear to be about threefold more sen-
sitive to the effects of cisplatin-induced testicular toxicity,
based on histopathology and ultrastructure, our results do
provide indications of the effects of cisplatin on the hu-
man testis. We report that prolonged exposure at a sys-
temically less toxic dose (2.5 mg/kg) may result in sus-
tained injury to the seminiferous epithelium, and conse-
quently infertility, due to the loss of stem spermatogonia.
On the other hand, exposure to high doses over brief pe-
riods of time may elicit systemic toxicity but allows for
the survival of spermatogonia. The loss of spermatogonia
at the highest dose is also consistent with our previous
observations demonstrating spermatogonial apoptosis
only at high acute doses of cisplatin (Seaman et al, 2003).
Our most compelling observations have arisen from the
2.5 mg/kg exposure sets that illustrate the distinct time
and dose dependence of cisplatin-induced toxicity. Based
on our observations in mice it can be deduced that a de-
cision regarding a patient’s chemotherapeutic regimen
should take into account not just systemic toxicity of the
drug, but also its potential to cause infertility after ex-
posure for prolonged periods. Our observations indicate
that a moderate dose given over a couple of cycles could
result in the effective elimination of the tumor while pre-
serving fertility. While these data provide the groundwork
for understanding the molecular mechanisms responsible
for the long-term testicular injury, predictions as to the
fertility prognoses of patients undergoing chemotherapeu-
tic treatment may be premature.

In summary, the results of the present study indicate
that exposure to cisplatin results in long-term testicular
injury in a dose-dependent manner in the testis of adult
mice. These present findings suggest that cisplatin-in-
duced Sertoli cell injury may play a role in the patho-
genesis of germ cell loss from the testis and long-term
testicular injury. However, at the present time, the exact
contribution of Sertoli cell injury versus direct cisplatin-
induced germ cell injury cannot be discerned. Regardless,
this study provides the impetus for future investigations
exploring the mechanism(s) of cisplatin-induced long-
term failure of spermatogenesis.

Acknowledgments
The authors would like to acknowledge Dr George C Enders, University
of Kansas Medical Center, for providing us with the GCNA1 antibody,
Dr Rex Hess of the University of Illinois at Urbana-Champaign for his
helpful comments in histology interpretation, and Ms Ruth Starwalt for
technical support.

References
Aydiner A, Aytekin Y, Topuz E. Effects of cisplatin on testicular tissue

and the Leydig cell-pituitary axis. Oncology. 1997;54:74–78.
Barry MA, Behnke CA, Eastman A. Activation of programmed cell death

(apoptosis) by cisplatin, other anticancer drugs, toxins and hyperther-
mia. Biochem Pharmacol. 1990;40:2353–2362.

Boekelheide K. Sertoli cell toxicants. In: Russell LD, Griswold MD, eds.
The Sertoli Cell. Clearwater, Fla: Cache River Press; 1993:551–575.

Brennemann W, Stoffel-Wagner B, Helmers A, Mezger J, Jager N, Kling-
muller D. Gonadal function of patients treated with cisplatin based
chemotherapy for germ cell cancer. J Urol. 1997;158:844–850.

Brennemann W, Stoffel-Wagner B, Wichers M, Helmers A, Albers P,
Mezger J, Klingmuller D. Pretreatment follicle-stimulating hormone:
a prognostic serum marker of spermatogenesis status in patients treat-
ed for germ cell cancer. J Urol. 1998;159:1942–1946.

Buaas FW, Kirsh AL, Sharma M, McLean DJ, Morris JL, Griswold MD,
de Rooij DG, Braun RE. Plzf is required in adult male germ cells for
stem cell self-renewal. Nat Genet. 2004;36:647–652.

Burger H, Nooter K, Boersma AW, Kortland CJ, Stoter G. Lack of cor-
relation between cisplatin-induced apoptosis, p53 status and expres-
sion of Bcl-2 family proteins in testicular germ cell tumour cell lines.
Int J Cancer. 1997;73:592–599.

Einhorn LH. Treatment of testicular cancer: a new and improved model.
J Clin Oncol. 1990;8:1777–1781.

Fossa SD, Aass N, Kaalhus O. Testicular cancer in young Norwegians.
J Surg Oncol. 1988;39:43–63.

Fossa SD, Lehne G, Heimdal K, Theodorsen L. Clinical and biochemical
long-term toxicity after postoperative cisplatin-based chemotherapy in
patients with low-stage testicular cancer. Oncology. 1995;52:300–305.

Freireich EJ, Gehan EA, Rall DP, Schmidt LH, Skipper HE. Quantitative
comparison of toxicity of anticancer agents in mouse, rat, hamster,
dog, monkey, and man. Cancer Chemother Rep. 1966;50:219–244.

Gerl A, Muhlbayer D, Hansmann G, Mraz W, Hiddemann W. The impact
of chemotherapy on Leydig cell function in long term survivors of
germ cell tumors. Cancer. 2001;91:1297–1303.

Giammona CJ, Sawhney P, Chandrasekaran Y, Richburg JH. Death re-
ceptor response in rodent testis after mono-(2-ethylhexyl) phthalate
exposure. Toxicol Appl Pharmacol. 2002;185:119–127.

Gotoh S, Mine M, Ishizaka K, Kaneoya H, Yokokawa M. Changes in
lanthanum permeability of rat Sertoli cell tight junction after CDDP
administration [in Japanese]. Nippon Hinyokika Gakkai Zasshi. 1990;
81:45–48.

Gotoh S, Tachibana Y, Higashi Y, Fukui I, Takagi K, Takeuchi S. The
effects of DDP on the seminiferous epithelium of rats [in Japanese].
Hinyokika Kiyo. 1984;30:1195–1199.

Hansen PV, Hansen SW. Gonadal function in men with testicular germ
cell cancer: the influence of cisplatin-based chemotherapy. Eur Urol.
1993;23:153–156.

Hansen SW. Late-effects after treatment for germ-cell cancer with cis-
platin, vinblastine, and bleomycin. Dan Med Bull. 1992;39:391–399.

Hansen SW, Berthelsen JG, von der Maase H. Long-term fertility and
Leydig cell function in patients treated for germ cell cancer with cis-
platin, vinblastine, and bleomycin versus surveillance. J Clin Oncol.
1990;8:1695–1698.



145Sawhney et al · Cisplatin and Failure of Spermatogenesis

Howell S, Shalet S. Gonadal damage from chemotherapy and radiother-
apy. Endocrinol Metab Clin North Am. 1998;27:927–943.

Howell SJ, Shalet SM. Pharmacological protection of the gonads. Med
Pediatr Oncol. 1999;33:41–45.

Howell SJ, Shalet SM. Testicular function following chemotherapy. Hum
Reprod Update. 2001;7:363–369.

Howell SJ, Shalet SM. Effect of cancer therapy on pituitary-testicular
axis. Int J Androl. 2002;25:269–276.

Huang HF, Pogach LM, Nathan E, Giglio W. Acute and chronic effects
of cisplatinum upon testicular function in the rat. J Androl. 1990;11:
436–445.

Huddart RA, Titley J, Robertson D, Williams GT, Horwich A, Cooper
CS. Programmed cell death in response to chemotherapeutic agents
in human germ cell tumour lines. Eur J Cancer. 1995;31A:739–746.

Ishikawa T, Kamidono S, Fujisawa M. Fertility after high-dose chemo-
therapy for testicular cancer. Urology. 2004;63:137–140.

Jakob A, Kollmannsberger C, Kanz L, Bokemeyer C. Late toxicity after
chemotherapy of malignant testicular tumors [in German]. Urologe
A. 1998;37:635–647.

Kopf-Maier P. Effects of carboplatin on the testis. A histological study.
Cancer Chemother Pharmacol. 1992;29:227–235.

Lee S, Schmitt CA. Chemotherapy response and resistance. Curr Opin
Genet Dev. 2003;13:90–96.

Meistrich ML. Hormonal stimulation of the recovery of spermatogenesis
following chemo- or radiotherapy. Review article. Apmis 1998;106:
37–45; discussion 45–46.

Meistrich ML, Chawla SP, Da Cunha MF, Johnson SL, Plager C, Papa-
dopoulos NE, Lipshultz LI, Benjamin RS. Recovery of sperm pro-
duction after chemotherapy for osteosarcoma. Cancer. 1989;63:2115–
2123.

Meng X, Lindahl M, Hyvonen ME, et al. Regulation of cell fate decision
of undifferentiated spermatogonia by GDNF. Science. 2000;287:
1489–1493.

Monsees TK, Franz M, Gebhardt S, Winterstein U, Schill WB, Hayatpour
J. Sertoli cells as a target for reproductive hazards. Andrologia. 2000;
32:239–246.

Mulhall JP, Burgess CM, Cunningham D, Carson R, Harris D, Oates RD.
Presence of mature sperm in testicular parenchyma of men with non-

obstructive azoospermia: prevalence and predictive factors. Urology.
1997;49:91–95; discussion 95–96.

Nambu A, Kumamoto Y. Studies of spermatogenic damages induced by
anti-cancer agent and anti-androgenic agents in rat testes [in Japa-
nese]. Nippon Hinyokika Gakkai Zasshi. 1995;86:1221–1230.

Nambu A, Kumamoto Y, Mikuma N. Effects of anti-cancer agents on
cultured rat Sertoli cells [in Japanese]. Nippon Hinyokika Gakkai Zas-
shi. 1995;86:1132–1136.

Palmieri G, Lotrecchiano G, Ricci G, Spiezia R, Lombardi G, Bianco
AR, Torino G. Gonadal function after multimodality treatment in men
with testicular germ cell cancer. Eur J Endocrinol. 1996;134:431–436.

Petersen PM, Giwercman A, Skakkebaek NE, Rorth M. Gonadal function
in men with testicular cancer. Semin Oncol. 1998;25:224–233.

Pogach LM, Lee Y, Gould S, Giglio W, Meyenhofer M, Huang HF. Char-
acterization of cis-platinum-induced Sertoli cell dysfunction in ro-
dents. Toxicol Appl Pharmacol. 1989;98:350–361.

Pont J, Albrecht W. Fertility after chemotherapy for testicular germ cell
cancer. Fertil Steril. 1997;68:1–5.

Sark MW, Timmer-Bosscha H, Meijer C, Uges DR, Sluiter WJ, Peters
WH, Mulder NH, de Vries EG. Cellular basis for differential sensi-
tivity to cisplatin in human germ cell tumour and colon carcinoma
cell lines. Br J Cancer. 1995;71:684–690.

Schrader M, Muller M, Straub B, Miller K. Testicular sperm extraction
in azoospermic patients with gonadal germ cell tumors prior to che-
motherapy–a new therapy option. Asian J Androl. 2002;4:9–15.

Seaman FC, Sawhney P, Giammona CJ, Richburg JH. Cisplatin-induced
pulse of germ cell apoptosis precedes long-term elevated apoptotic
rates in C57/BL/6 mouse testis. Apoptosis. 2003;8:101–108.

Spierings DC, De Vries EG, Vellenga E, De Jong S. The attractive Achil-
les heel of germ cell tumours: an inherent sensitivity to apoptosis-
inducing stimuli. J Pathol. 2003;200:137–148.

van den Aardweg GJ, de Ruiter-Bootsma AL, Kramer MF, Davids JA.
Growth and differentiation of spermatogenetic colonies in the mouse
testis after irradiation with fission neutrons. Radiat Res. 1983;94:447–
463.

Wozniak K, Blasiak J. Recognition and repair of DNA-cisplatin adducts.
Acta Biochim Pol. 2002;49:583–596.

Zamble DB, Lippard SJ. Cisplatin and DNA repair in cancer chemother-
apy. Trends Biochem Sci. 1995;20:435–439.


