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ABSTRACT: Pretreatment of rats with hormones that suppress tes-
tosterone levels and sperm production enhances the recovery of
spermatogenesis from stem cells after a cytotoxic insult. It is not
known whether the enhanced recovery results from an increase in
the numbers of surviving stem cells or whether their ability to differ-
entiate is enhanced. In this study, untreated rats and rats pretreated
with testosterone plus estradiol-17� (T � E) were irradiated with 3.5
or 6 Gy, and the recovery of spermatogenesis from surviving stem
cells was assessed at 6, 10, and 20 weeks after irradiation. T � E
pretreatment did not significantly affect the numbers of A spermato-
gonia remaining in the tubules at 6 weeks after irradiation. In rats
that were given irradiation alone, spermatogenesis steadily declined
after 6 weeks because the stem cells lost their ability to differentiate.

However, when rats were treated with T � E before irradiation, this
decline was prevented, and in fact, at least at the lower dose of
radiation, there was a progressive recovery of spermatogenesis.
Given the similar spermatogonial counts at 6 weeks after irradiation
in the irradiated-only and T � E–treated, irradiated rats, the hormone
treatment appears not to protect stem cells from being killed by the
cytotoxic agent. Rather, the later enhancement of spermatogenic
recovery results from prevention of an injury-induced change in sper-
matogonia or in their environment, which would have otherwise re-
sulted in failure of spermatogonial differentiation.
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Sterility is a frequent side effect in men who have been
treated with cytotoxic agents for cancer (Meistrich et

al, 1997a). In particular, radiation and alkylating agents,
such as cyclophosphamide and procarbazine, produce tes-
ticular damage that results in prolonged azoospermia. It
is important to develop methods to prevent this damage
if fertility is to be preserved in men who want to father
children after treatment for cancer. Although it is gener-
ally considered that azoospermia is caused by the killing
of stem cells, it has recently been recognized that the
failure of surviving stem cells to differentiate into sper-
matozoa is also a factor (Meistrich, 1998).

In several different strains of rats, methods already ex-
ist that involve hormonal pretreatment with analogues of
gonadotropin-releasing hormone (GnRH) or steroids to
enhance the recovery of spermatogenesis from stem cells
after exposure to radiation, procarbazine, or cyclophos-
phamide (Delic et al, 1986; Kurdoglu et al, 1994; Meis-
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trich et al, 1995). However, attempts to directly translate
these observations to reduce the damaging effects of cy-
totoxic therapies on human spermatogenesis have not
been successful (Johnson et al, 1985; Morris and Shalet,
1990). A contributing factor to the failure of the clinical
studies is a lack of knowledge of the mechanism by which
the hormonal treatment works in the rat. Without this
knowledge, there is no rationale for optimizing the pro-
tocol for humans.

The mechanism originally proposed for ‘‘protecting’’
spermatogenesis with hormonal treatment was interrup-
tion of the pituitary-gonadal axis, thereby reducing the
rate of spermatogenesis and rendering the resting testis
more resistant to the effects of chemotherapy (Glode et
al, 1981). However, we have conclusively shown that en-
hancement of spermatogenic recovery is achieved under
conditions that do not modify the kinetics of spermato-
gonial proliferation before cytotoxic therapy (Meistrich et
al, 1997b). Other mechanisms that have been considered
involved changes in drug metabolism, delivery, and
bioactivation, but these were ruled out by observations
that the hormone treatment did not alter the effectiveness
of procarbazine in killing the differentiating germ cells
(Meistrich et al, 1997b) and by achieving protection of
spermatogenesis recovery from stem cells against gamma
radiation (Kurdoglu et al, 1994). Possible mechanisms



465Meistrich et al · Mechanism of Hormonal Protection

that would protect against both radiation and alkylating
agents include changes in levels of oxygen, thiols, and
DNA repair. However, the similar protective effect of hor-
mone treatment against neutron radiation damage as op-
posed to gamma radiation indicated that these factors are
unlikely to be significant in the hormonal protection
mechanism (Wilson et al, 1999). Alternatively, it is pos-
sible that hormone pretreatment may increase the number
of spermatogonia or alter their proliferation status before
irradiation, as has been observed in monkeys after treat-
ment with follicle-stimulating hormone (FSH; van Alphen
et al, 1989); however, this is not the case in rats (Meistrich
et al, 1997b).

We have proposed that hormonal pretreatment may act
by enhancing the recovery of spermatogenesis from sur-
viving stem spermatogonia (Meistrich, 1996). In irradi-
ated rats, surviving stem cells can fail to produce sperm
for prolonged periods of time, which opens the possibility
that enhancement of recovery could occur (Kangasniemi
et al, 1996). To test this proposal in this study, we mea-
sured the recovery of spermatogenesis at a sequence of
times in rats receiving irradiation alone and in irradiated
rats pretreated with testosterone and estradiol-17� (T �
E). The comparisons of the time courses of recovery or
failure of spermatogenesis support the notion that the
mechanism of ‘‘protection’’ involves enhancement of re-
covery of spermatogenesis from surviving stem cells.

Materials and Methods
All of the principal methods have been described in previous
publications (Meistrich and van Beek, 1993; Parchuri et al, 1993;
Kangasniemi et al, 1996; Meistrich and Kangasniemi, 1997; Wil-
son et al, 1999) and are briefly summarized here.

Animals and Irradiation
LBNF1 rats were obtained at 10 weeks of age from Harlan
Sprague-Dawley, Inc (Indianapolis, Ind). They were maintained
in facilities approved by the American Association for Accred-
itation of Laboratory Animal Care, in accordance with current
regulations and standards.

Rats were irradiated with either 3.5 or 6 Gy using a 60Co

gamma ray unit (Meistrich and Kangasniemi, 1997). The single
doses of radiation were administered to the lower half-body of
rats, under general anesthesia, with 5 mm of tissue-equivalent
bolus material placed over the scrotum to provide a build-up
layer.

Hormone Pretreatment
Rats were implanted with hormone-containing Silastic tubing
capsules (Parchuri et al, 1993). The T � E treated rats were
given a 2-cm testosterone implant and a 0.5-cm estradiol-17�
implant. Control rats used in this experiment (3.5 Gy, all weeks;
6 Gy, 6 weeks) were given a 3-cm capsule containing choles-
terol, which is an inactive steroid precursor. Implants were

placed in the rats 6 weeks before irradiation and were removed
1 day after irradiation. The immediate effect of T � E treatment
on the testis (Parchuri et al, 1993) was confirmed by evaluating
sperm production in 3 rats that were killed at the time the others
were irradiated. Testis weight was reduced from a control value
of 1.49 � 0.04 grams to 0.47 � 0.01 gram; sperm head count
per testis was reduced from a control value of 2.9 � 108 (� 0.2
� 108) to 1.6 � 106 (� 1 � 106), which is consistent with pre-
viously reported values (Parchuri et al, 1993).

Experimental Design
In this study, 35 rats were used. Of these, 27 were implanted
with T � E capsules. Three were killed after 6 weeks of hormone
treatment, 12 were given 3.5 Gy of irradiation, and 12 were
given 6 Gy of irradiation. Four rats from each irradiation group
were killed at 6, 10, and 20 weeks after irradiation.

Because of the reproducibility of numerous other experiments
performed in this laboratory to analyze the time course of re-
covery and decline of spermatogenesis in irradiated LBNF1 rats,
only 8 concurrent controls that were given irradiation only with
no T � E treatment were used. These 8 rats were implanted
instead with cholesterol-containing capsules. Six were given 3.5
Gy of irradiation and 2 each were killed 6, 10, and 20 weeks
later. Two rats were given 6 Gy of irradiation and were killed 6
weeks after irradiation.

Additional control data values were taken from previously re-
ported studies (Kangasniemi et al, 1996; Meistrich and Kangas-
niemi, 1997; Meistrich et al, 1999) and unpublished experiments
in this laboratory, all of which used the same procedures, with
the exception of implantation of the cholesterol capsules, and
were done within 2 years (before and after) of the experiment
just described. We believe that it is justifiable to include these
control data values. To confirm the lack of effect of these small
cholesterol capsules, we performed an experiment to show that
capsule implantation had no effect on the recovery of spermato-
genesis 10 weeks after 3.5 Gy of irradiation (repopulation in-
dex—RI � 11 � 3% with implantation and 7 � 2% without).
However, in the accompanying figure and tables, the data from
the concurrently irradiated rats are presented separately from the
other ones.

Evaluation of Recovery of Spermatogenesis
Rats were killed at 6, 10, and 20 weeks after irradiation. One
testis was fixed in Bouin’s fluid and embedded in methacrylate,
and sections were stained with Harris hematoxylin. The level of
spermatogenesis after treatment was evaluated by determining
the RI, which is the percentage of tubules that contained 3 or
more differentiated spermatogenic cells (Meistrich and van
Beek, 1993) derived from cells that were stem cells at the time
of irradiation. When analyzing rats killed at 6 weeks after irra-
diation, spermatids were excluded from the counts because they
could have been derived from cells that were differentiating at
the time of irradiation. At least 200 seminiferous tubules were
scored in each testicular section.

A spermatogonia and their mitoses were counted in at least
100 nonrepopulating tubules. In every fifth tubule, Sertoli cell
nuclei with a visible nucleolus were counted. Only nonrepopu-
lating tubules were counted because it is more difficult to iden-
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tify A spermatogonia in repopulating tubules and, in such tu-
bules, many of the A spermatogonia would be differentiating. In
the nonrepopulating tubules, we recently showed that the clones
of the proliferating A spermatogonia almost exclusively consist-
ed of 4 cells at most (Shuttlesworth et al, 2000). Because this
clonal size is typical of the undifferentiated but not the differ-
entiating spermatogonia (Huckins, 1971), these A spermatogonia
must be earlier than the A1 stage. The Abercrombie correction,
which accounts for the likelihood of finding nuclei of a given
diameter whose center may be outside the cross-section (Aber-
crombie, 1946), was applied to the counts using the previously
measured diameters (Kangasniemi et al, 1996). The number of
A spermatogonia was then normalized to the number of Sertoli
cells. The mitotic index of A spermatogonia was determined by
dividing the total number of mitoses observed by the number of
mitoses plus A spermatogonia.

The other testis was weighed after the tunica albuginea was
removed. The tissue was homogenized, an aliquot was removed
and sonicated (Meistrich and van Beek, 1993), and sperm heads
were counted in a hemacytometer.

Hormone Measurements
Blood was collected by cardiac puncture at the time the rats were
killed. Serum luteinizing hormone (LH) concentration was mea-
sured by an immunofluorometric assay (Haavisto et al, 1993),
and FSH concentration was measured by a double-antibody ra-
dioimmunoassay (Clayton et al, 1980). The remainder of the
testicular homogenate was used to determe intratesticular testos-
terone (ITT) concentrations with coated-tube radioimmunoassay
(RIA) kits (DSL 4000, Diagnostic Systems Laboratories, Web-
ster, Tex; Meistrich and Kangasniemi, 1997). The data presented
are either from a single assay or several assays done consecu-
tively with the same reagents.

Data Analysis
The means and the standard errors of the mean of sperm counts,
serum LH, and ITT were obtained on log-transformed data. In
such cases, the standard errors are not symmetric around the
mean. Statistical analyses of the increases or declines in sper-
matogenic characteristics at different times after irradiation were
done using a nonparametric Mann-Whitney test. SPSS for Win-
dows, version 7.5 (SPSS Inc, Chicago, Ill) software was used.

Results

Recovery of Spermatogenesis After Irradiation
In LBNF1 rats that received irradiation alone, spermato-
genesis showed a transient initial recovery at 6 weeks
after irradiation, as evidenced by repopulation of the tu-
bules with differentiated germ cells, but then declined
(see Figure). Testis weights also declined significantly
over time. The small increase in sperm head counts be-
tween 10 and 20 weeks after 3.5 Gy of irradiation was
not significant. The lack of decline of sperm head counts
despite a decline in RI was attributable to an increase in
the proportion of repopulating tubules that had reached

the condensed spermatid stage, which was 27% at 20
weeks, compared with 6% at 10 weeks. This does not
reflect an increase in potential for spermatogenic recovery
but merely the greater time after irradiation, which per-
mitted the appearance of later stages.

In contrast to the decline in spermatogenic recovery
observed after 6 weeks with radiation alone, when the
rats were treated with T � E before irradiation, there was
either a maintenance of the level (after 6 Gy) or a pro-
gressive recovery of spermatogenesis (after 3.5 Gy; see
Figure). Significant increases in testis weights and RI oc-
curred in rats that had been pretreated with T � E be-
tween 6 and 10 weeks and between 10 and 20 weeks (RI
increased from 99.5 � 0.1% to 100 � 0.0%) and in sperm
head counts between 10 and 20 weeks after irradiation
with 3.5 Gy. After 6 Gy of irradiation, there were signif-
icant increases in testis weights and RI between weeks 6
and 10, and there was an increase in sperm head count
between weeks 10 and 20, but there were no significant
changes in testis weights or RI between weeks 10 and 20.
Overall, we conclude that in contrast to the steady de-
crease observed in these characteristics after radiation
alone, there is maintenance or an increase in spermato-
genesis when the hormone treatment is given before ir-
radiation.

A Spermatogonia in Nonrepopulating Tubules
We previously observed that there were proliferating A
spermatogonia in nonrepopulating seminiferous tubules
after irradiation (Kangasniemi et al, 1996). Similarly, in
the nonrepopulating tubules in the T � E-pretreated rats,
there were also proliferating A spermatogonia (Table 1).
At the earliest time analyzed in this study, 6 weeks after
irradiation, these tubules contained similar numbers of
both total and mitotic A spermatogonia as those of rats
that had not been treated with T � E. Thus, it appeared
that the hormone treatment did not increase the survival
or proliferation of A spermatogonia.

Hormone Levels
T � E treatment markedly reduced the levels of LH and
ITT but produced no significant reduction of FSH (Table
2). In contrast, irradiation increased the levels of all 3
hormones within 6 weeks after irradiation as an indirect
consequence of the loss of germ cells (Table 2). Similarly,
in the irradiated rats that were pretreated with T � E, the
levels of FSH, LH, and ITT were also increased from
those observed at the end of T � E treatment and were
also above those in untreated rats.

Discussion

The data indicating that stem spermatogonial numbers af-
ter irradiation are unaffected by T � E pretreatment is
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Effect of hormone pretreatment on the time course of recovery of spermatogenesis from surviving stem cells after irradiation with 3.5 Gy (a, b, c) or
6 Gy (d, e, f) as measured by testicular weights (a, d), sperm head counts (b, e), and repopulation indices (c, f). Error bars (�1 standard error of the
mean) are shown when they are larger than the symbols used to indicate the data points. Sperm head counts at 6 weeks after irradiation were not
included because these were derived from cells that were differentiating at the time of irradiation. No sperm heads were seen at 10 and 20 weeks
after 6 Gy in animals not treated with T � E. � indicates 6-week treatment with T � E implants before irradiation; �, cholesterol implant for 6 weeks
before irradiation; �, no implants (taken from other experiments; n � 4–15); �, unirradiated rats (no hormone treatment; n � 9); *, statistically significant
(P � .05) increase compared with preceding time point; †, statistically significant decrease compared with preceding time point.

Table 1. A spermatogonia in nonrepopulating tubules of rats at 6 weeks after irradiation with 6 Gy, with or without T � E pretreatment

Hormone treatment Number of rats
Sertoli cells per tubule

cross-section*
A spermatogonia per 100

Sertoli cells*
Mitotic index of A

spermatogonia (%)*

None
Cholesterol
T � E

4
2
4

15.7 � 4.3
9.8, 10.0

11.1 � 0.9

2.6 � 1.0
1.6, 3.0

3.2 � 0.1

7.7 � 2.7
5.0, 12.1
8.9 � 2.3

*Values are means � SEM, except for the cholesterol-treated group’s values, which are the individual values.

further evidence against the concept that hormone pre-
treatment enhances recovery of spermatogenesis by pro-
tecting stem cells from being killed by the cytotoxic
agent. Rather, hormone pretreatment appears to act by
preserving the subsequent ability of stem spermatogonia
to differentiate. At 6 weeks after irradiation, RI was al-
ready higher in the hormone-treated animals than in those
not treated with hormones, and the difference in repop-
ulation between the 2 groups increased with time.

This increasing difference with time in repopulation be-
tween the 2 groups was not noted in previous studies from
our laboratory because the recovery of spermatogenesis
had always been assessed at 9 or 10 weeks after irradia-
tion or treatment with procarbazine (Kurdoglu et al, 1994;
Meistrich et al, 1994; Wilson et al, 1999). However, there
is 1 report that testis weights and sperm counts declined
between 11 and 14 weeks after procarbazine treatment,
but when the rats were pretreated with hormones, the tes-
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Table 2. Hormone levels unirradiated and irradiated rats, with or without T � E treatment.

Hormone
pretreatment Radiation (Gy)

Weeks
postradiation Number of rats

FSH (ng/ml;
mean � SEM) Mean LH (ng/ml)†

Mean ITT
(ng/g-testis)†

None None n/a 15–27‡ 22 � 1 0.18 (0.15–0.22) 34 (29–39)
T � E None n/a§ 4–7‡� 20 � 2 �0.04 0.9 (0.7–1.2)

None 3.5 6 5‡ 27 � 1 0.64 (0.54–0.77) 144 (125–164)
Cholesterol 3.5 6 2� 25 � 0 0.63 (0.47–0.85) 109 (102–115)
T � E 3.5 6 4� 26 � 1 0.35 (0.25–0.49) 102 (65–160)

None 6 6 5–8‡ 34 � 2 0.34 (0.29–0.40) 193 (162–231)
Cholesterol 6 6 2� 24 � 1 0.46 (0.36–0.58) 122 (103–145)
T � E 6 6 4� 30 � 1 0.27 (0.24–0.31) 60 (54–67)

*Different numbers of rats from other experiments were used depending on how many were assayed at the same time as the ones in this experiment.
†Numbers in parentheses are the 1-SEM range of values.
‡Rats from other experiments.
§Rats were killed at the end of a 6-week hormone treatment.
�Rats from this experiment.

tis weights and sperm counts increased during this time
(Velez de la Calle and Jegou, 1990). Other studies may
have failed to show differences in the effect of hormone
treatment on the kinetics of spermatogenic recovery after
procarbazine, either because recovery was already maxi-
mal at the shorter time in the hormone-pretreated rats
(Ward et al, 1990) or because there was no repopulation
at all in rats that were not treated with hormone (Delic et
al, 1986).

The mechanism by which hormone treatment given be-
fore irradiation affects the ability of the testis to support
the differentiation of spermatogonial stem cells many
weeks after the end of hormone treatment and irradiation
is not known. In a previous study, we proposed that the
apparent protection effect appeared to be better correlated
with the degree of suppression of spermatogenesis at the
time of chemotherapy or radiation treatment than the de-
gree of suppression of ITT (Meistrich et al, 1996). How-
ever, later studies demonstrated that suppression of ITT
immediately or even several months after cytotoxic injury
can restore the differentiation of spermatogonia (Meis-
trich and Kangasniemi, 1997; Meistrich et al, 1999). Sup-
pression of the intratesticular levels of testosterone and
its androgenic metabolites appear to be the most impor-
tant factors for the recovery of spermatogenesis.

It is still difficult to find a unified mechanism by which
suppression of testosterone either before or after cytotoxic
treatment can similarly preserve the subsequent ability of
spermatogonia to differentiate. One possibility may be the
persistence of reduced ITT produced by the hormone pre-
treatment even after the cytotoxic insult. Depot forms of
GnRH agonists (Ward et al, 1990; Kangasniemi et al,
1995) may continue to exert suppression after their nom-
inal period of action is over (Okada et al, 1994). In the
current experiment, the T � E implants were removed 1
day after irradiation, and ITT levels were already above
control levels 6 weeks later. Other studies showed that

testosterone production by the testis was restored between
1 and 2 weeks after removal of T � E implants (Keeney
et al, 1990). Because a 3-week suppression of ITT after
irradiation was not sufficiently long enough to stimulate
recovery of spermatogenesis (Meistrich and Kangasniemi,
1997), we therefore conclude that a possible continued
suppression of testosterone for 1 to 2 weeks after cyto-
toxic insult is not likely to be sufficient to stimulate re-
covery of spermatogenesis and is not the mechanism by
which hormonal pretreatment acts.

We suggest the following hypothesis by which both
hormonal pretreatment and hormonal posttreatment can
preserve or stimulate the recovery of spermatogenesis.
The failure of recovery of spermatogenesis may be a re-
sult of persistent radiation-induced alterations in gene ex-
pression (Keyse, 1993; Chiang et al, 1997) by a somatic,
androgen-responsive cell. These alterations may reduce
the production of a paracrine factor for spermatogonial
differentiation or they may up-regulate a factor that caus-
es apoptosis of spermatogonia as they prepare to differ-
entiate. Hormonal pretreatment renders the target cell in-
sensitive to this damage and hence enhances the ability
of spermatogenesis to recover after cytotoxic insult. How-
ever, even after this damage has occurred and spermato-
gonial differentiation ceases, it is possible to reverse this
epigenetic phenomenon by temporarily suppressing tes-
tosterone and reinitiating appropriate gene expression.
Our results are consistent with this hypothesis, but further
studies, including identifying such paracrine factors and
the target cells, are necessary to evaluate its validity. The
Sertoli cell is most likely the target for both the hormonal
effects and the damage, but the Leydig cell, which pro-
duces paracrine factors that act upon the Sertoli cells or
spermatogonia, should also be considered.

The preservation of spermatogenesis following radia-
tion or chemotherapy would be clinically important. The
studies that have been performed have all tried to protect
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the recovery of spermatogenesis by hormonal treatment
before and during cytotoxic therapy (Morris and Shalet,
1990). Our observation of A spermatogonia in the non-
repopulating tubules in rats pretreated with T � E indi-
cates that it may be possible to further stimulate recovery
by hormone posttreatment. Although it is not known
whether hormonal treatment will stimulate spermatogenic
recovery in humans, varying the regimens by continuing
the hormonal treatment after cytotoxic therapy has been
completed should improve any possible chances of stim-
ulating the recovery of sperm production.

Acknowledgments
We thank Kuriakose Abraham for histological preparations, Tarja Laiho
for performing LH and FSH measurements, and Walter Pagel for editorial
advice.

References
Abercrombie M. Estimation of nuclear population from microtome sec-

tions. Anat Rec. 1946;94:239–247.
Chiang CS, Hong JH, Stalder A, Sun JR, Withers HR, McBride WH.

Delayed molecular responses to brain irradiation. Int J Radiat Biol.
1997;72:45–53.

Clayton RN, Katikineni M, Chan V, Dufau ML, Catt KJ. Direct inhibition
of testicular function by gonadotropin-releasing hormone: mediation
by specific gonadotropin-releasing hormone receptors in interstitial
cells. Proc Natl Acad Sci USA. 1980;77:4459–4463.

Delic JI, Bush C, Peckham MJ. Protection from procarbazine-induced
damage of spermatogenesis in the rat by androgen. Cancer Res. 1986;
46:1909–1914.

Glode LM, Robinson J, Gould SF. Protection from cyclophosphamide-
induced testicular damage with an analogue of gonadotropin-releasing
hormone. Lancet. 1981;1:1132–1134.

Haavisto A, Pettersson K, Bergendahl M, Perheentupa A, Roser JF, Huht-
aniemi I. A supersensitive immunofluorometric assay for rat lutein-
izing hormone. Endocrinology. 1993;132:1687–1691.

Huckins C. The spermatogonial stem cell population in adult rats. I. Their
morphology, proliferation and maturation. Anat Rec. 1971;169:533–
558.

Johnson DH, Linde R, Hainsworth JD, Vale W, Rivier J, Stein R, Flexner
J, Welch RV, Greco FA. Effect of a luteinizing hormone releasing
hormone agonist given during combination chemotherapy on post-
therapy fertility in male patients with lymphoma: preliminary obser-
vations. Blood. 1985;65:832–836.

Kangasniemi M, Huhtaniemi I, Meistrich ML. Failure of spermatogenesis
to recover despite the presence of A spermatogonia in the irradiated
LBNF1 rat. Biol Reprod. 1996;54:1200–1208.

Kangasniemi M, Wilson G, Huhtaniemi I, Meistrich ML. Protection
against procarbazine-induced testicular damage by GnRH-agonist and
antiandrogen treatment in the rat. Endocrinology. 1995;136:3677–
3680.

Keeney DS, Sprando RL, Robaire B, Zirkin BR, Ewing LL. Reversal of
long-term LH deprivation on testosterone secretion and Leydig cell
volume, number and proliferation in adult rats. J Endocrinol. 1990;
127:47–58.

Keyse SM. The induction of gene expression in mammalian cells by
radiation. Semin Cancer Biol. 1993;4:119–128.

Kurdoglu B, Wilson G, Parchuri N, Ye W-S, Meistrich ML. Protection
from radiation-induced damage to spermatogenesis by hormone treat-
ment. Radiat Res. 1994;139:97–102.

Meistrich ML. Hormonal modulation of the recovery of spermatogenesis
following cytotoxic insult. In: Hamamah S, Mieusset R, eds. Research
in male gametes: production and quality. Paris: Les Editions IN-
SERM; 1996.

Meistrich ML. Hormonal stimulation of the recovery of spermatogenesis
following chemo- or radiotherapy. APMIS. 1998;106:37–46.

Meistrich ML, Kangasniemi M. Hormone treatment after irradiation stim-
ulates recovery of rat spermatogenesis from surviving spermatogonia.
J Androl. 1997;18:80–87.

Meistrich ML, Parchuri N, Wilson G, Kurdoglu B, Kangasniemi M. Hor-
monal protection from cyclophosphamide-induced inactivation of rat
stem spermatogonia. J Androl. 1995;16:334–341.

Meistrich ML, Sellin RV, Lipshultz LI. Gonadal dysfunction. In: DeVita
VT, Hellman S, Rosenberg SA, eds. Cancer: Principles and Practice
of Oncology. Philadelphia: JB Lippincott; 1997a.

Meistrich ML, van Beek MEAB. Spermatogonial stem cells: Assessing
their survival and ability to produce differentiated cells. In: Chapin
RE, Heindel J, eds. Methods in Toxicology. Vol 3A. New York: Ac-
ademic Press; 1993.

Meistrich ML, Wilson G, Huhtaniemi I. Hormonal treatment after cyto-
toxic therapy stimulates recovery of spermatogenesis. Cancer Res.
1999;59:3557–3560.

Meistrich ML, Wilson G, Ye W-S, Kurdoglu B, Parchuri N, Terry NHA.
Hormonal protection from procarbazine-induced testicular damage is
selective for survival and recovery of stem spermatogonia. Cancer
Res. 1994;54:1027–1034.

Meistrich ML, Wilson G, Ye W-S, Thrash C, Huhtaniemi I. Relationship
among hormonal treatments, suppression of spermatogenesis, and tes-
ticular protection from chemotherapy-induced damage. Endocrinolo-
gy. 1996;137:3823–3831.

Meistrich ML, Wilson G, Zhang Y, Kurdoglu B, Terry NHA. Protection
from procarbazine-induced testicular damage by hormonal pretreat-
ment does not involve arrest of spermatogonial proliferation. Cancer
Res. 1997b;57:1091–1097.

Morris ID, Shalet SM. Protection of gonadal function from cytotoxic
chemotherapy and irradiation. Ballieres Clin Endocrinol Metab. 1990;
4:97–118.

Okada H, Doken Y, Ogawa Y, Toguchi H. Sustained suppression of the
pituitary-gonadal axis by leuprorelin three-month depot microspheres
in rats and dogs. Pharm Res. 1994;11:1199–1203.

Parchuri N, Wilson G, Meistrich ML. Protection by gonadal steroid hor-
mones against procarbazine-induced damage to spermatogenic func-
tion in LBNF1 hybrid rats. J Androl. 1993;14:257–266.

Shuttlesworth GA, de Rooij DG, Huhtaniemi I, Reissmann T, Russell LD,
Shetty G, Wilson G, Meistrich ML. Enhancement of A spermatogo-
nial proliferation and differentiation in irradiated rats by GnRH an-
tagonist administration. Endocrinology. 2000:141:37–49.

van Alphen MMA, van de Kant HJ, de Rooij DG. Protection from ra-
diation-induced damage of spermatogenesis in the rhesus monkey
(Macaca mulatta) by follicle-stimulating hormone. Cancer Res. 1989;
49:533–536.

Velez de la Calle JF, Jegou B. Protection by steroid contraceptives against
procarbazine-induced sterility and genotoxicity in male rats. Cancer
Res. 1990;50:1308–1315.

Ward JA, Robinson J, Furr BJA, Shalet SM, Morris ID. Protection of
spermatogenesis in rats from the cytotoxic procarbazine by the depot
formulation of Zoladex, a gonadotropin-releasing hormone agonist.
Cancer Res. 1990;50:568–574.

Wilson G, Kangasniemi M, Meistrich ML. Hormone pretreatment en-
hances recovery of spermatogenesis in rats after neutron irradiation.
Radiat Res. 1999;152:51–56.


