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Abstract. The contraceptive regimen consisting of levonorgestrel and quinestrol (EP-1) has been shown to be effective
in several types of wild rodents. In the present study, we investigated the effect of EP-1 and its two components on fertility
and spermatogenesis to elucidate the mechanisms underlying its contraceptive effect. Sprague-Dawley rats were treated
with 0.33 mg kg1 quinestrol (E group), 0.67 mg kg1 levonorgestrel (P group) or their combination (EP group) for 7 days
and then killed on Days 21 or 42 after treatment for tissue analysis. On Day 21, the weight of the cauda epididymis
decreased significantly, while the weight of the adrenal gland increased significantly in the E and EP groups compared
with the weights in the control group. In addition, there was a significant decrease in sperm number in the E and EP groups
compared with the control group and there was less staining for the androgen receptor and Wilms’ tumour nuclear protein 1
in the E and EP groups. The primary defects in E- or EP-treated rats were abnormal spermiogenesis, lack of elongating
spermatids, and pachytene spermatocyte arrest. Analysis of MutL homologue 1 revealed that EP treatment inhibited
chromosome recombination during meiosis, but did not cause obvious genetic abnormalities. These data demonstrate that
quinestrol, alone or in combination with levonorgestrel, induces subfertility in male rats mainly by interfering with germ
cell differentiation. Thus, EP-1 or E alone may be effective contraceptive regimens for fertility control in rodents.
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Introduction
Rodent pests in the grasslands of Inner Mongolia, China, have
contributed to serious degradation of the grasslands, leading
to negative impacts on livestock production and the environment. There is an urgent need for the population control of
rodent pests, especially during plague outbreaks. Most of the
traditional control strategies, including poisoning or trapping,
are not only inefficient in the long term, but they also cause
serious environmental problems owing to effects on non-target
species (Zhong et al. 1999; Shi et al. 2002). Ecological
theories predict that infertile individuals are still capable of
maintaining their territory and attacking newcomers, preventing
population increases. Antifertility methods present a lower
risk to non-target animals and humans; therefore, fertility control has been proposed as a potentially effective management
strategy for rodent pests (Zhang 2000a, 2000b; Shi et al. 2002).
Journal compilation Ó CSIRO 2012

Immunocontraception targeting the cell surface proteins of
spermatozoa or oocytes has been investigated for many years
(Primakoff et al. 1988; Jackson et al. 1998), but the lack of an
appropriate delivery system has limited its use in the field. More
practical methods for fertility control need to be developed.
Steroid hormones, such as oestrogen and progesterone, have
been shown to exert contraceptive effects in males. Oestrogen
receptors and cytochrome P450 aromatase are expressed in the
Sertoli, Leydig and germ cells of the testes. Physiologically,
oestradiol synthesised locally in the testes can participate in the
process of spermatogenesis (Simoni et al. 1989; Janulis et al.
1996; Couse et al. 1997; van Pelt et al. 1999). However,
excessively produced or exogenous oestrogen can interrupt
male fertility via suppression of gonadotropin synthesis, disruption of the neuron–endocrine axis, disorganisation of the
cytoarchitecture within the seminiferous tubules and the
www.publish.csiro.au/journals/rfd
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induction of azoospermia (Ewing et al. 1977; Danzo 1998;
Gill-Sharma et al. 2001; D’Souza et al. 2005). Progesterone
was believed to inhibit the function of the hypothalamic–
pituitary–gonad (H-P-G) axis via a feedback loop (Morse
et al. 1973; Kamischke et al. 2000), as well as to attenuate
intratesticular activity of 17b-hydroxysteroid dehydrogenase
(Satyaswaroop and Gurpide 1978) and the expression of the
LH receptor (El-Hefnawy and Huhtaniemi 1998; Anderson and
Baird 2002).
Similar to the contraceptive application of progesterone and
oestrogen in females, a combination of progesterone and androgen has been evaluated as a male contraceptive (Delanoe et al.
1984; Bebb et al. 1996; Anawalt et al. 1999; Anawalt et al.
2005). However, a small proportion of men do not reach
azoospermia, despite the fact that serum testosterone concentrations are reduced to low levels. Some researchers theorise that
intratesticular dihydrotestosterone (DHT) levels may support
spermatogenesis under low testosterone conditions (McLachlan
et al. 2002), but other studies do not support this view (Amory
et al. 2006). These apparently discrepant results suggest that it is
possible that other intratesticular factors can maintain normal
levels of spermatogenesis with very low support from the H-P-G
axis. Research on these aspects may be valuable for the
development of the male contraception.
The EP-1 regimen, composed of levonorgestrel (a synthetic
progesterone; P) and quinestrol (a synthetic oestradiol; E) has
been used clinically as an oral contraceptive regimen in
women. In previous studies, we demonstrated the antifertility
effect of EP-1 and its individual components, E and P, in
various wild rodent species, including Brandt’s voles (Lasiopodomys brandtii), grey hamsters (Cricetulus migratorius), midday gerbils (Meriones meridianus; Zhang et al. 2004; Zhao
et al. 2007), greater long-tailed hamsters (Tscherskia triton;
(Zhang et al. 2005, 2006), Djungarian hamsters (Phodopus
campbelli; Wan et al. 2006) and Mongolian gerbils (Meriones
unguiculatus; Huo et al. 2006; Liang et al. 2006). We found
that EP-1 is a more effective contraception in male rodents than
in females. It remains unclear how the regimen and its components work to reduce male fertility in rodents.
In the present study, we investigated the effect of EP-1 and its
two components on the fertility and the process of spermatogenesis in male rats to identify the mechanisms underlying the
contraceptive effect of EP-1 in male rodents.
Materials and methods
Reagents
The EP-1 compound is a mixture of levonorgestrel and
quinestrol in a ratio of 2 : 1. In the present study, 18 mg EP-1,
12 mg levonorgestrel and 6 mg quinestrol were ground separately and mixed with 18 mL distilled water to produce solutions
of 1 mg mL1 EP-1, 0.67 mg mL1 P and 0.33 mg mL1 E.
Animal and tissue preparation
Forty sexually mature male Sprague-Dawley rats (10 weeks old;
270–320 g) were purchased from Vital River (Beijing, China).
Rats were housed individually in cages at 22–238C, 50–55%
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humidity and under a 12 h light–dark cycle. Commercial food
pellets were available ad libitum. All experiments were performed with the approval of the Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences.
The 40 rats were randomly divided into four groups of 10.
Groups C (control), P, E and EP were treated daily with
water, P, E or EP-1 solution, respectively, by oral gavage
(,250 mL day1) for a period of 7 days (Days 1–7). Rats were
treated with doses of 0.67, 0.33 and 1 mg kg1 P, E and EP-1,
respectively. Five rats in each group were cohabited with fertile
females (two females per male) on Days 8–14 and were killed on
Day 21. The females were confirmed to be fertile by vaginal
smears. Blood was collected from the other five rats in each
group via the tail vein on Days 14, 21, 28 and 42; these rats were
cohabited with fertile females (male : female ratio 1 : 2) on Days
35–42 and were killed on Day 42. Serum was obtained by
centrifuging the blood at 1250g for 15 min at 48C and was stored
at 808C until hormone measurement. Testes, epididymides
and seminiferous vesicles were collected from each rat and
weighed and measured before flash freezing in liquid nitrogen or
fixing in paraffin, as described below. The gestational period
and litter size for each female were recorded.
The left testis and epididymis of each rat was fixed in 10%
neutral buffered formalin for 24 h at 48C. The fixed tissues were
then gradually dehydrated in ethanol and embedded in paraffin.
Sections (6 mm) were collected on poly L-lysine (Zhongshan
Golden Bridge, Beijing, China)-treated slides.
Haematoxylin and eosin staining
and immunohistochemistry
Paraffin sections were deparaffinised, rehydrated and then
stained with Mayer’s haematoxylin. After gradual dehydration
in 70% and 95% ethanol, the sections were further stained in
eosin buffer before being mounted.
For immunohistochemistry, rehydrated sections were
retrieved in 10 mM citrate buffer (pH 6.0; for androgen receptor
(AR) staining) or 0.001 M EDTA buffer (for Wilms’ tumour
nuclear protein (Wt-1) staining) for 15 min at 958C. After
immersion in 1% hydrogen peroxide for 10 min and 1% bovine
serum albumin (BSA) for 30 min, the sections were incubated
with various primary antibodies at 48C overnight. The antibodies used in the present study were rabbit polyclonal antibody
against rat AR (SC-816; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and rabbit polyclonal antibody against rat Wt-1
(SC-192; Santa Cruz Biotechnology). In the negative control,
the primary polyclonal antibodies were replaced with the same
concentration of non-immune rabbit IgG. Sections were washed
in phosphate-buffered saline (PBS) buffer and incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG at room
temperature for 30 min. Final visualisation was achieved using
diaminobenzidine (DAB) as a substrate. Slides were counterstained with haematoxylin and mounted in resin after dehydration with ethanol and xylene.
The number of immunopositive cells in each seminiferous
tubule was counted separately in eight independent fields for
each slide. The staining index of the antibody was calculated as
the mean number of positive cells per seminiferous tubule.
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Sperm counts
The cauda of the left epididymis was cut into small pieces and
rinsed in 10 mL Ringer–Locks’ buffer for 3 h to release the
spermatozoa. The number of spermatozoa in the buffer was
counted with a haemocytometer.
Terminal deoxyribonucleotidyl transferase-mediated
dUTP–digoxigenin nick end-labelling
Cell apoptosis was analysed with terminal deoxyribonucleotidyl
transferase-mediated dUTP–digoxigenin nick end-labelling
(TUNEL) using an in situ Cell Death Detection Kit (Roche,
Basel, Switzerland) according to the manufacturer’s instructions. Paraffin sections were deparaffinised, rehydrated and
incubated in 1% H2O2 for 15 min before being digested with
0.5% pepsin at 378C for 5 min. Sections were incubated for 1 h in
a humidified chamber at 378C with a freshly prepared Enzyme
Solution mixed with Label Solution at a ratio of 1 : 9. After
washing in PBS, the slides were further incubated with 50 mL
Converter-POD in a humidified chamber at 378C for 30 min.
Colour development was performed using DAB as the substrate.
Slides were counterstained and mounted as described for
immunohistochemistry. The number of apoptotic cells in each
seminiferous tubule was counted separately in eight independent fields per slide. The mean number of apoptotic cells per
tubule was determined. The apoptosis index measures the
relative number of apoptotic cells compared with that in the
control group (1.0).
Analysis of MutL homologue 1 (fluorescence
immunostaining)
Testicular tissue was shredded and the pachytene cells released
were spread evenly over slides layered with paraformaldehyde
(Fisher Scientific, Waltham, MA, USA) and Triton-X (Sigma,
Shanghai, China) solution, pH 9.2. Slides were dried for
approximately 24 h at room temperature and then washed in
0.04% Photo-Flo (Kodak, Shanghai, China). Slides with chromosome spreads were subjected to immunofluorescence
staining as described previously (Sun et al. 2004). Primary
antibodies against the following proteins were used: synaptonemal complex protein 3 (SCP3; Santa Cruz Biotechnology;
1 : 250 dilution), MutL homologue 1 (MLH1; Oncogene, San
Diego, CA, USA; 1 : 100 dilution) and calcinosis, Raynaud’s
phenomenon, oesophageal dysfunction, sclerodactyly, telangiectasia (CREST; 1 : 100 dilution). These primary antibodies
were detected using a cocktail of donkey antiserum conjugated
with the following fluorochromes: 1-amino-4-methylcoumarin3-acetic acid (AMCA) (Jackson Immunoresearch, West Grove,
PA, USA; 1 : 100 dilution), Alexa 488 and Alexa 555 (Molecular
Probes, Eugene, OR, USA; 1 : 125 dilution). Slides were
incubated at 378C with the primary (overnight) and secondary
(90 min) antibodies and were then examined on an epifluorescence microscope (Nikon, Tokyo, Japan). Images were
captured using Applied Imaging Cytovision 3.1 software
(Applied Imaging, Santa Clara, CA, USA). Each pachytene
nucleus used for analysis had to have the correct number of
bivalents and the synaptonemal complexes (SCs) could not be
broken or obscured by overlaps, allowing all foci to be scored.
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The MLH1 signals were scored if they were distinct and
localised on an SC. The number of MLH1 foci per autosomal
bivalent and per cell was scored, and up to 100 pachytene stage
sperm cells were analysed in each group.
Radioimmunoassay for serum testosterone concentrations
Serum testosterone concentrations were determined using a
specific sandwich radioimmunoassay (RIA; Beijing Northern
Biotechnology, Beijing, China). The concentrations of the
testosterone standards used in the RIA ranged from 0.01 to
20 ng mL1.
Statistical analysis
The immunohistochemistry, TUNEL and MLH1 experiments
were repeated at least three times each with samples from at least
three animals per group per time point. The weight of the
reproductive organs, number of spermatozoa, number of offspring and RIA results are reported as the mean s.e.m. based
on data obtained from at least five animals per group per time
point. Comparisons between groups were performed by oneway ANOVA. P , 0.05 was considered significant.
Results
Effects of E and EP-1 on cauda epididymis weight,
number of spermatozoa and birth rate
As shown in Fig. 1b, c, there was a significant decrease in the
weight of the cauda epididymis in the E (30%) and EP (35%)
groups on Day 21, and an approximate 20% weight decrease
persisted in the EP group on Day 42. The weight of the adrenal
glands in the E and EP groups increased by approximately 20%
on Days 21 and 42 compared with the control group. However,
the weight of the testes did not change significantly in any E- or
P-treated group on Days 21 and 42 (Fig. 1a).
The number of spermatozoa in the cauda epididymis on
Day 21 decreased by approximately 70% (E group) and 50%
(EP group) compared with the control group (Fig. 1e). By
Day 42, there were no differences in the number of spermatozoa
between the treatment and control groups.
On Days 21 and 42, five male rats in each group were each
mated with two fertile females and the number of offspring
recorded. Rats in the P and control groups were fertile, with no
evident difference in the number of offspring between the two
groups. However, there was a significant decline in fertility in
the E and EP groups. Two of five rats in the E group were
infertile on Day 21, with an average number of offspring of
approximately 60% of that in the control group. In the EP group,
four of five animals did not produce litters and the average litter
size was ,10% of that in the control group. However, the
fertility of the rats in these two groups recovered by Day 42, with
the number of offspring equivalent to that in the control group
(Fig. 1d).
Effects of EP-1 on serum testosterone concentrations
Serum testosterone concentrations were determined in the four
groups on Days 14, 21, 28 and 42 using specific RIA. There were
no obvious variations in testosterone concentrations among the
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Fig. 1. Weight of (a) testis, (b) cauda epididymis and (c) adrenal gland (litter size), (d) number of offspring, (e) number of spermatozoa and (f) serum
testosterone (T) levels in rats treated with 0.33 mg kg1 quinestrol (E), 0.67 mg kg1 levonorgestrel (P) or their combination (EP) for 7 days. Con, control. Data
are the mean þ s.e.m. *P , 0.05, **P , 0.01 compared with the control group.

four groups at these time points. Although on Day 14 serum
testosterone concentrations were slightly lower in the EP group,
the difference did not reach statistical significance (Fig. 1f ).
Effects of EP-1 and E on the structure
of the seminiferous tubules
On Day 21, the average diameter of the seminiferous tubules
was significantly lower in the E, P and EP groups compared with
control (by 27%, 22% and 21%, respectively). However, the
diameter of the seminiferous tubules on Day 42 had recovered
and was similar to that in the control group (Fig. 2a).
Sections of rat testis were stained using haematoxylin and
eosin. In the seminiferous tubules of the control and P groups,
germ cells at various stages of differentiation were positioned in
an orderly manner, indicating normal spermatogenesis in these

rats. The ratio of tubules at Phases I–VI, VII–IX and X–XIV in
P-treated rats was 55%, 22% and 22%, respectively, similar to
the ratios in control rats (Fig. 2e). In the E and EP groups,
damage to seminiferous tubules was evident. The ratio of
tubules at Phases I–VI, VII–IX and X–XIV decreased to 36%,
5% and 16%, respectively, in the E group and to 23%, 6% and
12%, respectively, in the EP group. There were three types
of damaged tubules: (1) round spermatid damage (RSD),
spermatogenesis arrested at the stage of round spermatids
(i.e. numerous round spermatids but no elongated spermatids
in the tubule lumen; Figs 3, 4); (2) pachytene spermatocyte
damage (PSD), spermatogenesis arrested at primary meiosis
(i.e. pachytene spermatocytes moved towards the lumen but did
not undergo miosis; Figs 3, 4); and (3) severe damage (SD),
tubules with completely disordered cell positioning and no germ
cells (Figs 3, 4). The ratio of RSD, PSD and SD tubules was
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Fig. 2. Changes in seminiferous tubules in rats treated with 0.33 mg kg1 quinestrol (E), 0.67 mg kg1 levonorgestrel (P) or their combination (EP) for 7 days.
(a) Diameter of seminiferous tubule; (b) number of androgen-receptor (AR)-positive cells per tubule; (c) number of Wilms’ tumour nuclear protein
(Wt-1)-positive cells per tubule; (d) terminal deoxyribonucleotidyl transferase-mediated dUTP–digoxigenin nick end-labelling (TUNEL)-positive cells per
tubule; (e) proportion of different stages of seminiferous tubules and damage. RSD, round spermatid damage; PSD, pachytene spermatocyte damage; SD,
severe damage. Con, control. Data are the mean þ s.e.m. *P , 0.05, **P , 0.01 compared with the control group. yNo damaged tubules were found in the
control group.

33%, 8% and 2%, respectively, in the E group and 12%, 35% and
13%, respectively, in the EP group (Fig. 2e); these levels were
significantly higher than in the control group.
Effects of E or EP-1 on Wt-1 and AR expression
in rat testis
Immunohistochemistry for AR and Wt-1 was performed in rat
testes to determine the possible damage to germ and Sertoli
cells, respectively. In control rats, AR staining was mainly found
in the nuclei of Sertoli cells located near the basal layer of the
seminiferous tubules at Stages I–VI and VII–IX, as well as in the
cytoplasm of elongated spermatids at Stage X–XIV. At Stage

X–XIV, Sertoli cells also exhibited positive staining for AR in
the nucleolus, but the intensity of staining was lower (Fig. 3).
Levonorgestrel treatment did not change the pattern of AR
distribution in the seminiferous tubules. However, the overall
staining intensity was lower and the number of positively
stained cells per seminiferous tubule (referred to as the staining
index) was approximately 50% that of the control group (Fig. 3).
In the E group, AR staining was found in some round spermatids
and elongated spermatids, as well as in some germ cells of
uncertain differentiation stages, and the staining index was only
approximately 60% of that in the control group (Fig. 3). In the
EP group, some round spermatids and even pachytene stage
spermatocytes exhibited weak staining for the AR, whereas the
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Fig. 3. Immunostaining of the testes for the androgen receptor (AR) in the (a) control group, (b) rats
treated with 0.67 mg kg1 levonorgestrel (P), (c) rats treated with 0.33 mg kg1 quinestrol (E) and
(d) rats treated with their combination (EP). 1, seminiferous tubules at Stage I–VI; 2, seminiferous
tubules at Stage VII–IX; 3, seminiferous tubules at Stage X–XIV; 4, seminiferous tubules showing round
spermatid damage (RSD); 5, seminiferous tubules showing pachytene spermatocyte damage (PSD); 6,
seminiferous tubules showing severe damage (SD). Scale bar ¼ 100 mm.

elongating spermatids in Stage X–XIV tubules appeared to be
intensely positive in both the nucleus and cytoplasm (Fig. 3).
The staining index in the EP group was ,30% of that in
control rats.

It is known that Wt-1 is expressed specifically in testicular
Sertoli cells. In the control group, the positively stained Sertoli
cells were evenly located at the basal layer of each seminiferous
tubule and the number of positive cells was almost the same in
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Fig. 4. Wilms’ tumour nuclear protein (Wt-1) immunostaining of the testes in the (a) control group,
(b) rats treated with 0.67 mg kg1 levonorgestrel (P), (c) rats treated with 0.33 mg kg1 quinestrol
(E) and (d) rats treated with their combination (EP). 1, seminiferous tubules at Stage I–VI; 2,
seminiferous tubules at Stage VII–IX; 3, seminiferous tubules at Stage X–XIV; 4, seminiferous tubules
showing round spermatid damage (RSD); 5, seminiferous tubules showing pachytene spermatocyte
damage (PSD); 6, seminiferous tubules showing severe damage (SD). Scale bar ¼ 100 mm.

each tubule regardless of the differentiation stage (Fig. 4). In the
P group, the staining pattern and the number of positive cells in
the testis were similar to those in the control group (Fig. 4). In the
E group, the distribution pattern of positive cells and the staining

intensity for Wt-1 were not obviously changed in tubules at
identifiable stages or in RSD and PSD tubules. In SD tubules,
some of the Wt-1 positive cells left the basal layer and moved
towards the inner part of the tubules. The number of Sertoli cells
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(a)

(b)

(c)

(d )

Fig. 5. Terminal deoxyribonucleotidyl transferase-mediated dUTP–digoxigenin nick end-labelling (TUNEL)
analysis on Day 21 in the (a) control group, (b) rats treated with 0.67 mg kg1 levonorgestrel (P), (c) rats treated with
0.33 mg kg1 quinestrol (E) and (d) rats treated with their combination (EP). Scale bar ¼ 30 mm.

per tubule in quinestrol-treated rats was 79.5% of that in the
control group (Fig. 4). In the EP group, the position of Sertoli
cells was not obviously different, but the staining intensity and
the number of positive cells declined sharply in seminiferous
tubules at all differentiation stages. The average number of
Sertoli cells per tubule was only 69% of that in the control group
(Fig. 4).
Effects of E and EP-1 on cell apoptosis in rat testes
Cell apoptosis in rat testes was determined using the
TUNEL assay. Within seminiferous tubules of the control and
levonorgestrel-treated rats, apoptotic cells were scarce (Fig. 5).
In the E and EP groups, the number of apoptotic cells increased
visibly, especially in severely damaged tubules. In the E group,
cell apoptosis occurred mainly in germ cells, whereas in the EP
group both germ cells and Sertoli cells underwent cell death. The
apoptosis index in the P, E and EP groups was 1.04, 4.71 and
3.43, respectively, compared with an apoptosis index of 1.0 set
for the control group (Fig. 2d).
Analysis of MLH1 focus and fidelity of meiotic synapsis
A typical result of MLH1 focus analysis of pachytene stage
spermatocytes is shown in Fig. 6. We analysed the MLH1 foci
in the germ cells of rats and the number of MLH1 foci per
autosomal cell was scored for each pachytene spermatocyte
(Table 1). The control group had an overall mean of
28.1  6.7 MLH1 foci per cell. In contrast, rats in other groups

with P and/or E treatment exhibited significant reductions in the
overall mean number of recombination foci per cell compared
with control (P , 0.0001). Rats treated with levonorgestrel
for 2 weeks had no recombination foci at all. In all P- and/or
E-treated groups, the mean percentage of cells without an MLH1
focus in the XY body in pachytene cells was significantly lower
than in the control group (28.8%).
Discussion
Fertility control has been recognised as an effective management strategy for rodent pests (Zhang 2000a, 2000b; Shi et al.
2002). Therefore, contraceptive efficiency is the first priority to
be considered. Higher efficiency means better control with a
lower dose of contraceptive agents, leading to reduced environmental pollution and lower costs. Oestrogen is likely to be a
good choice for fertility control in male rodents based on the
results of the present study as well as previous studies (Zhang
et al. 2004, 2005, 2006; Huo et al. 2006; Liang et al. 2006; Wan
et al. 2006; Zhao et al. 2007).
Evidence suggests that excessive oestrogen could be a
negative feedback factor in males, affecting spermatogenesis
by suppressing the H-P-G axis and thus testosterone production
(Bagatell et al. 1994; Hayes et al. 2000; O’Donnell et al. 2001).
However, in the present study we did not observe any significant
decline in serum testosterone levels during Days 14–21
(7–14 days after termination of E or EP treatment) when the
disorders in testicular cells were apparent. We also observed
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(b)

X
Y

Fig. 6. Immunofluorescence analysis. (a) A rat pachytene spermatocyte with synaptonemal complexes (SCs)
shown in red, centromeres in blue and MutL homologue 1 (MLH1) foci in yellow. For the cells at this stage, all
21 homologues (red) are synapsed and MLH1 foci are evident. (b) Example of human spermatocytes with abnormal
synpasis in the pachytene stage. Chromosome bivalents are paired with 20 mature autosome SCs (red) and sex
chromosomes (marked X and Y) synapsed at the pseudoautosomal region. Centromeric regions are shown in blue.
One SC has a discontinuous region or gap (arrowhead); multiple SCs have unpaired regions (arrow).

Table 1. Frequency of pachytene cells showing gaps, splits and MutL homologue 1 focus frequency
in control rats and rats treated with 0.33 mg kg21 quinestrol or 0.67 mg kg21 levonorgestrel for 7 days
Data for MLH1 foci are given as the mean  s.d. *P , 0.05 compared with control. MLH1, MutL homologue 1;
P2, levonorgestrel treatment for 2 weeks; P4, levonorgestrel treatment for 4 weeks; E2, quinestrol treatment for
2 weeks; E4, quinestrol treatment for 4 weeks
No. cells
analysed

Control
P2
P4
E2
E4

73
110
75
68
92

MLH1 foci

Fidelity of synapsis

% Sex chromosomes with
0 or 1 MLH1 focus

% With gap

% With split

0

1

38

4

36
38
50

2
1
1

28.8
0
41.3*
73.5*
75.0*

71.2
0
58.7
26.5
25

28.1  6.7
0*
19.9  7.7*
14.9  11.7*
21.4  10.6*

little influence of levonorgestrel itself on either testosterone
production or spermatogenesis in the male rats, although progesterone has been reported to suppress the H-P-G axis (Morse
et al. 1973; Kamischke et al. 2000). However, testosterone is
also produced by the adrenal gland, the weight of which
increased in the E- and EP-treated groups. The production of
testosterone by the adrenal gland is significantly lower than
produced by the testis and would hardly compensate for the
circulating hormone levels. These data suggest that there is a
direct effect of quinestrol on the testis in addition to suppression
of the H-P-G axis described by many others (Brinkmann et al.
1980; Onoda and Hall 1981; Saunders et al. 1997). We therefore
propose that quinestrol, alone or in combination with levonorgestrel, may block spermatogenesis via some direct action on
the testis.
Physiologically, oestrogen is necessary for normal sperm
development. Oestrogen has been shown to be a stimulator for
germ cell proliferation (Li et al. 1997). Male oestrogen receptor
(ER) a gene-knockout mice exhibit infertility: the lack of ERa

leads to reduced reabsorption in the epididymis, with the fluid
retention increasing pressure in the lumen of the seminiferous
tubules and epididymis and the high pressure gradually destroying normal spermatogenesis, eventually causing infertility
(Hess et al. 1997). The ERs, especially ERb, are found in
various types of testicular cells (Fisher et al. 1997; Saunders
et al. 1998; van Pelt et al. 1999). In addition, aromatase which
metabolises testosterone to oestrogen, is found in various cell
types (Laflamme et al. 1998). The evidence indicates that
oestrogen may be an important paracrine factor for modulating
spermatogenesis and/or other functions of the testis. Conversely, exogenous administration of oestrogen can damage the
process of spermatogenesis, as shown in the present study and in
previous studies (Ewing et al. 1977; Danzo 1998; O’Donnell
et al. 2001; D’Souza et al. 2005). The theory of androgen–
oestrogen balance (Rivas et al. 2002) may provide an explanation for the dual effects of oestrogen in the testis. According
to this theory, the ratio of androgen to oestrogen, but not
androgen itself, is one of the key factors influencing male
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fertility. Oestrogen administration could change the ratio of
androgen to oestrogen, which places a stress on spermatogenesis. Compared with oestrogen, progesterone is a ‘neutral’
hormone. Progesterone treatment does not usually disturb the
androgen–oestrogen balance and therefore does little damage to
the testis (Amory et al. 2006). Our data fit the androgen–
oestrogen balance theory well: the E-treated rats exhibited
severe testicular disorders, whereas P-treated rats did not.
Our data also indicate that E and EP inhibit Sertoli cell
function. As nursing cells, Sertoli cells play critical roles at
various stages of sperm development (Franca et al. 1998).
Disruptions of Sertoli cell functions will lead to disorders in
the germ cells, including cell apoptosis, deformation and necrosis, among others. Maintenance of nursing functions in Sertoli
cells largely relies on various paracrine factors produced in the
microenvironment. It has been shown that AR and ERb colocalise in Sertoli cells (O’Donnell et al. 2001; Wang et al. 2009)
and that androgens are necessary for the nursing function of
Sertoli cells. If the AR is selectively knocked out from Sertoli
cells, meiosis will be arrested and spermatocytes will be blocked
at the diplotene stage (Wang et al. 2009). In E- and EP-treated
rats, AR density were lower in Sertoli cells, indicating the
lowered sensitivity of these cells to androgen. Meanwhile, in
these rats, the number of Wt-1-positive Sertoli cells decreased
and the number of apoptotic cells increased compared with that
in the control group. It is likely that although the production of
testosterone was not significantly different in these animals, the
lower AR expression in the testis could lead to a functional
disadvantage and even apoptosis of Sertoli cells, subsequently
leading to apoptosis of germ cells and spermatogenesis arrest in
the seminiferous tubules.
The change in the structure of the seminiferous tubules may
provide some insight into the effect of quinestrol and levonorgestrel in the testis (Borg et al. 2010). Levonorgestrel did not
significantly affect spermatogenesis and caused nearly no
change in the seminiferous tubules. Quinestrol treatment led
to a sharp increase in RSD tubules, indicating that spermatogenesis was inhibited mainly after the round spermatid stage. In the
EP group, the damaged tubules were PSD tubules, indicating
that spermatogenesis was arrested at meiosis. The cause of the
disordered tubules may be inhibition of the nursing function of
Sertoli cells because, in the present study, the EP group
exhibited more severe damage accompanied by a significant
decrease in the number of Sertoli cells. Levonorgestrel treatment decreased the intensity of AR staining in Sertoli cells,
which may have added a further burden on E-treated spermatogenesis and may further inhibit the nursing function of the
Sertoli cells. This may explain why recombination and primary
meiosis were also inhibited to a greater extent in the EP group
(the ratio of PSD tubules was .30%) than in the E group.
Contraception for males has been investigated for a long time
(Amory et al. 2006). Androgens, which were often tested with
progesterone, were used to achieve azoospermia by suppression
of the H-P-G axis. In fact, oestrogen induces infertility more
effectively than androgen, but severe side effects, particularly
gynaecomastia, restrict its use in humans (O’Donnell et al.
2001; Amory et al. 2006). In rodents, side effects are not a
major concern, so synthetic oestrogen may be a good choice for
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rodent control. Here, albino rats showed subfertility after E
and/or EP treatment. In wild rodents, the infertility produced was
much greater and the delivery of only one bait (consumed .90%
within 6 days) can lead to complete infertility in most males for
nearly 2 months (Liu et al. 2011). Genetics may explain the
differences between wild rodents and albino rats; rats with a
higher breeding rate are convenient for experiments, so strains
with a high breeding rate have been selected for laboratory use.
These strains may exhibit higher resistance to oestrogeninduced disturbances to fertility (Spearow et al. 1999).
One interesting result of the present study is that four of the
five rats in the EP group were sterile, whereas there was only an
approximate 50% reduction in sperm concentration in these rats.
Apart from the direct disturbance to the hormonal environment
and damage to the Sertoli cells, as discussed above, an effect of
EP-1 on sexual behaviour may be an important factor in the male
sterility observed. In one of our field studies into the behaviour
of plateau pikas, we found that males treated with quinestrol
exhibited a .65% decrease in the frequency of pursuing and
quarrelling for females in the natural environment (M. Liu,
J. Qu, Z. Wang, Y. L. Wang, Y. Zhang, Z. B. Zhang, unpubl.
data), indicating the influence of the regimen on the libido of
these animals. In the present study we did not record the details
of the sexual behaviour of the rats, but we assume that a
decreased libido cannot be ruled out as a possible reason for
the male subfertility following EP-1 treatment of the rats.
Apart from management efficiency, an important problem to
be considered in rodent contraception is environmental safety.
At this point, E and/or EP-1 have unique advantages over
traditional chemical drugs. First, E and/or EP-1 appear to be
effective at low doses. Our previous field study revealed that a
0.005% EP-1 bait was sufficient to give significant population
control (Liu et al. 2011). Second, the half-life of quinestrol is
short and it is degraded within a few hours in sludge (Segmuller
et al. 2000; Vader et al. 2000). This characteristic guarantees
that the drug will not cause the type of severe environmental
pollution that has been the main shortcoming of diethylstilbestrol. Third, the infertility produced by E and EP is reversible. In
the present study, all the rats treated with E and EP recovered
normal reproductive status by the end of the study. Therefore,
the use of E or EP for rodent pests has little possibility of
resulting in the extinction of a non-target species. Finally, as
shown in our MLH1 focus analysis, E and EP can inhibit
chromosome recombination during mitosis, but they do not lead
to genetically abnormal spermatozoa. Therefore, the use of E and
EP-1 is genetically safe for rodents and perhaps other species.
In conclusion, we have demonstrated that quinestrol, alone or
in combination with levonorgestrel, effectively renders male
rats infertile. It may act locally in the testis to suppress AR
expression and chromosome recombination, leading to damage
of seminiferous tubules and the cessation of spermatogenesis.
Our data suggest that quinestrol and EP-1 could potentially be
safe and effective contraceptives for the management of
rodent pests.
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