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ABsTRACT. Environmental stress affects various parts of mammals typically through the circulation of stress hormones. It has been identified
as one of the possible reasons for male reproductive difficulties, but the complex mechanisms responsible for stress-induced reproductive
suppression are poorly understood. Here, we examined the relationship between chronic environmental stress and hypothalamic kisspeptin,
a recently discovered upstream regulator of the reproductive endocrine feedback system. We studied male mice under an unpredictable
chronic stress procedure to replicate the situation of animals under chronic stress. Histological and immunohistochemical analyses were
performed focusing on kisspeptin neurons in the arcuate hypothalamic nucleus (ARC) and DNA fragmented cells in seminiferous tubules.
Although the ARC was not morphologically altered in either the stressed or non-stressed group, granular kisspeptin immunoreactivities
decreased slightly in the stress group. In the testes of the stress group, several signs of testicular degeneration were observed, including
increased numbers of ssDNA-positive cells per seminiferous tubule, thinning, vacuoled seminiferous epithelia and multinucleated giant
cells. The decreases in kisspeptin in the stress group might be due to other hypothalamic peptides, such as corticotropin-releasing hormone
and leptin, whose receptors are known to coexpress in the ARC. In addition, environmental stress directly and indirectly affects testicular
function through stress hormones and gonadotropins. In summary, our findings enhance the understanding of stress-induced reproductive

suppression possibly mediated by kisspeptin in the ARC.
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Since the beginning of life on earth, living things have
been surrounded by various types of stress from their
environment—physical, chemical, biological, psychological
and social stress—and they have survived by adapting
to the stress in order to maintain homeostasis. After Hans
Selye defined stress as the “non-specific response of the
body to any demand for change” in the 1920s, the effects
of stress were examined from several different angles. It is
now well known environmental stress has various adverse
effects on mammals including on the immune system [16],
the autonomic nervous system [32] and the endocrine system
[13], mainly by activating the hypothalamic-pituitary-
adrenal (HPA) axis and the subsequent release of several
stress hormones.

Reproductive function is a potential target of environmental
stress through the reproductive endocrine feedback system,
which is called the hypothalamic-pituitary-gonadal (HPG)
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axis [34, 44]. In fact, hypothalamic gonadotropin-releasing
hormone (GnRH) provokes the pituitary to release luteinizing
hormone (LH) and follicle-stimulating hormone (FSH),
which stimulate Leydig cells and Sertoli cells in males and
granulosa cells and follicles in females to release sex steroids
and the gonadal hormone inhibin. The stress hormones
cause multiple suppressions of the HPG axis. For example,
glucocorticoids from the adrenal cortex and corticotropin-
releasing hormone (CRH) from the hypothalamus inhibit
GnRH, LH and FSH secretion [35, 47].

The feedback system of the HPG axis is not fully
understood, because there are no sex steroid receptors on
GnRH neurons. Kisspeptin, a novel neuropeptide encoded
by the Kiss! gene, acts as an upstream regulator of the HPG
axis and was identified as an endogenous ligand of G-protein-
coupled receptor 54 (GPR54/Kisslr) in 2001 [19, 31]. In
studies of KissI- or KissIr- deficient mice [20, 37] and
patients with idiopathic hypogonadotropic hypogonadism
who have a mutation of KISSIR [8], kisspeptin proved to
be critical to the onset of puberty [14] and to have a potent
stimulatory effect of GnRH. Kisspeptin neurons, which
express sex steroid receptors, are localized mainly in the
two hypothalamic regions. They project fibers to the medial
preoptic area (mPOA), which contains most of the GnRH
neurons.

First, kisspeptin neurons in the anteroventral periventricular
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nucleus (AVPV), which is known as the sexually dimorphic
region, regulate the positive feedback of sex steroids and are
rarely observed in males, unlike females. Second, kisspeptin
neurons in the arcuate hypothalamic nucleus (ARC)
mediate the negative feedback in both males and females.
Upstream signalings of the HPG axis such as that provided
by kisspeptin are currently attracting much attention in the
broad biological area.

Morgan and Tromborg [27] pointed out that zoo animals
are subjected to various stressors and that many zoo animals
are experiencing reproductive difficulties. In particular,
the levels of fecal glucocorticoids and estrogen in captive
cheetahs are significantly higher than those of cheetahs in the
wild [42]. Seminiferous degenerations frequently occur in
captive gorillas [9]. Similarly, the infertility rates in humans
have also gradually increased, caused in part by drastic
decreases in sperm quality [3, 15]. Environmental stress is
one of the possible reasons for these infertility problems
[38], but the mechanisms underlying environmental stress-
associated reproductive failure are still unclear.

The purpose of the present study was to investigate the
central and peripheral reproductive effects of environmental
stress in mature male mice. We applied an unpredictable
chronic stress procedure to adult male mice, which are
often used in the assessment of antidepressant medications
[25]. We performed histological and immunohistochemical
analyses focusing on the expression of hypothalamic
kisspeptin to understand the comprehensive effect of
environmental stress.

MATERIALS AND METHODS

Experimental animals: Eight-week-old male
C57BL/6NCrSlc mice were purchased from Japan SLC
(Hamamatsu, Japan). We divided the group of mice into
control and stress groups (n=6 mice each) by weight, with
no significant weight difference between the groups. Each
group was maintained in a 40.5 x 20.5 x 18.5 cm cage
under controlled conditions of temperature (22 + 2°C) and
humidity (50 £ 10%) on a 12-hr light/dark cycle. All mice
had ad libitum access to food (Labo MR Stock: Nihon Nosan
Co., Yokohama, Japan) and filtered water. This study was
approved by the Institutional Animal Care and Use Committee
(Permission number: 24-10-03) and carried out according to
the Kobe University Animal Experimental Regulation.

Stress procedure: All mice were allowed to acclimate
to their home cages for 1 week prior to the initiation of
experiments. The stress-group mice were subjected to
different stressors as described by Molina et al. [26] and
Murua et al. [28] with some modifications. The following
six stressors were used: 5 min forced swimming in water at
room temperature (RT), 24 hr food and water deprivation,
continuous overnight illumination, 30 min horizontal cage
shaking (80 rpm), 24 hr switching of cagemates (being
housed with another mouse) and 24 hr wet bedding. To
maximize the unpredictability of this paradigm, the stress
group mice were randomly subjected to one stressor per
day at varying times for 4 weeks. The control-group mice
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were kept in the same environment and experimental period
without being subjected to any of the stressors. All mice were
weighed once a week throughout the 4 weeks experimental
period.

Tissue preparation: On the day following the last stress
exposure, all mice were deeply anesthetized with diethyl
ether and transcardially perfused with 0.9% normal saline,
followed by perfusion with ice-cold 4% paraformaldehyde
in phosphate buffer. The brains and testes were excised,
weighed, postfixed with the same fixative overnight at 4°C,
dehydrated through a graded series of ethanol followed by
xylene and embedded in paraffin. Serial sections were then
cut (testes, 4 um thick; brains, 10 um thick), and each tissue
section was mounted on a slide glass (Platinum; Matsunami
Glass, Kishiwada, Japan) for the following steps.

Histological and immunohistochemical analyses: After
deparaffinization and hydration, for a general histological
analysis, testis sections were stained with hematoxylin and
eosin (HE; Merck KGaA, Darmstadt, Germany) following
the manufacturer’s instructions, and brain sections were
stained with 0.1% cresyl fast violet solution, which visualizes
Nissl’s substance.

To detectkisspeptin immunoreactivity in the hypothalamus
and the localization of DNA fragmented cells in the testis, we
performed the following immunohistochemistry protocol.
The brain sections were incubated in 25 ug/m/ Proteinase
K (Takara Bio, Otsu, Japan) at 37°C for 10 min for antigen
retrieval. The sections were immersed in absolute methanol
and 0.5% H,0, for 30 min, respectively, at RT to quench
the endogenous peroxidase activity. The sections were
incubated with Blocking One Histo (Nacalai Tesque, Kyoto,
Japan) for 1 hr at RT for protein blocking and then incubated
with the rabbit polyclonal AC#566 kisspeptin antibody [10]
(a generous gift from Dr. A. Caraty, INRA, France) diluted
1:16,000 and the rabbit polyclonal antibody against single-
stranded DNA (ssDNA: 18731; IBL Co., Fujioka, Japan)
diluted 1:1,000 in phosphate buffered saline (PBS) for 18 hr
at 4°C.

After being washed with PBS, the sections were reacted
with goat anti-rabbit immunoglobulins conjugated to
peroxidase-labeled dextran polymer in tris (hydroxymethyl)
aminomethane-HCI1 buffer (EnVision+; Dako, Glostrup,
Denmark) for 1 hr at RT. Immunoreactivity was then
detected by incubation with 3,3’-diaminobenzidine solution
(EnVisiont+ kit/HRP[DAB], Dako). The sections were
then rinsed with distilled water and counterstained lightly
with hematoxylin solution for 1 min. Next, the sections
were placed in a graded series of ethanol, dehydrated with
absolute ethanol, cleared by xylene and coverslipped with
Eukitt (O. Kindler GmbH, Freiburg, Germany).

Immunohistoplanimetry: To analyze the frequency of
DNA fragmented cells in the testes, we randomly selected
three sections (200 seminiferous tubules) from all mice and
counted the number of DNA fragmented cells located in the
seminiferous tubules. The numbers per seminiferous tubule
of each group were then calculated.

Statistical analysis: Statistical analyses were performed
with Excel Statistics 2012 (SSRI version 1.00, Tokyo, Japan).
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Fig. 1. Unpredictable chronic stress suppressed the body weight gain of the mice. All mice

gained weight gradually throughout the 4 weeks experimental period, but there were
significant differences between the body weights of the control and stress groups at 3 weeks
and 4 weeks. Values are presented as the mean + SD (n=6 mice each). *P<0.05; **P<0.01.

The numbers of ssDNA-positive cells and the brain and testis
weights were analyzed using the independent two-tailed -test
and the Mann-Whitney U-test. The results were considered
significant when the P-value was less than 0.05.

RESULTS

Body and organ weights: The weekly changes of the body
weights of the mice are shown in Fig. 1. The body weights
of the stress group at 3 weeks (24.30 = 1.33 g) and 4 weeks
(25.41 £ 0.81 g) were significantly lower than those of the
control group (3 weeks, 26.24 £ 2.11 g; P<0.05; 4 weeks,
27.32 + 2.15 g; P<0.01). The brain and testis weights at
4 weeks are shown in Fig. 2. Although the testis weights of
the stress group decreased significantly compared to those of
the control group (Fig. 2A, control: 100 £+ 4 mg; stress: 92
+ 11 mg; P<0.01), no significant between-group difference
was observed in the brain weight (Fig. 2B, control: 462 +
18 mg; stress: 452 £ 22 mg).

Histological and immunohistochemical findings of testis
and brain: In the control group, the testes showed normal
cell arrangement and spermatogenesis in the seminiferous
tubules (Fig. 3A). In the stress group, the testes showed
thin and vacuoled germ cell layers and enlarged tubular
lumen due to the decrease in the number of germ cells,
and multinucleated giant cells caused by the degeneration
of germ cells were observed (Fig. 3B). There was no
histological difference between the Leydig cells in the
testicular interstitial tissues of the stress group and those of
the control group. The localization of DNA fragmented cells
was visualized (Fig. 3C and 3D). Only a few ssDNA-positive
spermatogonia were detected in the control group testes,
but some aggregations of ssDNA-positive spermatogonia
and spermatocytes surrounding Sertoli cells were observed
in the stress group testes. The numbers of ssDNA-positive
spermatogonia and spermatocytes per seminiferous tubule

of the stress group increased significantly relative to those
of the control group (Fig. 3E, control: 0.302 + 0.127; stress:
0.554 £ 0.447; P<0.05).

In the cresyl fast violet-stained sections, the ARCs were
composed of round or ovoid cells with short dendrites.
There was no marked morphological difference in the ARC
between the control and stress groups (Fig. 4A and 4B).
The kisspeptin immunoreactivity was granularly detected in
axons and dendrites over the entire area of the ARC in both
groups (Fig. 4C—4F). The numbers of kisspeptin neurons
were uncountable because of the unclear boundary of the
individual neurons, but we observed a decreasing trend of
granular kisspeptin immunoreactivity in the ARC of the
stress group.

DISCUSSION

We examined the hypothalamic and testicular effects of
chronic environmental stress on male reproductive function
in mice. Stimulatory effects of kisspeptin on gonadotropins
and GnRH were well confirmed in studies using the
administration of the synthetic peptide and its antagonist to
rodents [6, 11, 21]. However, there are few reports regarding
whether kisspeptin is involved in stress-induced reproductive
suppression. Most kisspeptin neurons in the ARC colocalize
with corticotropin-releasing hormone receptor 1 (CRH-R1)
[41], suggesting that the stress hormone could disturb the
functioning of the kisspeptin neurons directly. Three different
stress paradigms known to inhibit LH pulsed secretion also
suppressed both Kiss/ and Kiss/r mRNA expression [17],
whereas alterations of kisspeptin at the peptide level have
not been previously reported, to the best of our knowledge.

In the present study, kisspeptin in the ARC was
immunohistochemically visualized as diffuse granule-like
particles. Neuropeptides, like kisspeptin, are synthesized as
precursors in the endoplasmic reticulum in the neuron cell
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Fig. 2.  Effect of unpredictable chronic stress on absolute weights of
brain and testes at 4 weeks. (A) The average testis weight of the
stress group was significantly lower than that of the control group.
(B) There was no significant difference between brain weights of
both groups. Values are presented as the mean + SD (n=6 mice
each). **P<0.01.

body. They are modified to active forms and transported
to the axon terminal as larger vesicles than those of
neurotransmitters. Therefore, the granular immunoreactivity
of kisspeptin detected in the ARC in the present study
indicates stained precursors and transport vesicles. Similar
staining was observed in the previous study using the same
antibody [4]. The decreased kisspeptin immunoreactivity
observed in the present stress-group mice is in agreement
with previous research [17]. Although the kisspeptin
expression in the mPOA (the distributional area of the axon
terminals) remains to be investigated, decreasing the number
of positive granules of kisspeptin in the ARC would result in
the inhibition of kisspeptin secretion.

Other neuropeptides may synergistically affect kisspeptin
expression and stress-induced reproductive suppression. For
example, gonadotropin-inhibitory hormone (GnlH), which
has an effect that is the opposite of that of kisspeptin, also
mediates the stress condition to the HPG axis. Acute and
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Fig. 3. Representative histology and immunohistochemistry of the
testis in the control and stress group mice. (A) In the control group,
normal cell arrangements were present in the seminiferous tubules.
(B) In the stress group, multinucleated giant cells (arrowhead) and
vacuolization were occasionally found in the thinned seminiferous
epithelia. Sperm were seen in the lumen of seminiferous tubules in
both groups. HE staining. (C) Immunoreactivity for single-stranded
DNA was rarely detected in the nuclei of the spermatogonia of
the control group testes. (D) Aggregations of ssDNA-positive
spermatogonia and spermatocytes were observed in the stress
group testes. Bar=200 um (inset: 50 ym). (E) The number of
ssDNA-positive cells significantly increased in the stress group
compared to that of the control group. Values are presented as the
mean + SD (n=6 mice each). *P<0.05.

chronic immobilization stress increase the expression of
GnIH mRNA in the dorsomedial hypothalamic nucleus, in
which the glucocorticoid receptor is localized [18], implying
that there may be a number of stress input systems to the
HPG axis.

In addition, nutritional states are known to affect
reproduction. Feeding-related peptides in the hypothalamus,
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such as leptin, Neuropeptide Y, a-melanocyte-stimulating
hormone and insulin-like growth factor 1, regulate Kiss/
mRNA expression [29]. In particular, Kiss/ mRNA decreases
without a sufficient leptin concentration. Leptin from adipose
cells can be expected to be a direct mediator of nutritional
effects on kisspeptin neurons, because approx. 40% of the
kisspeptin neurons in the ARC have leptin receptors [39].
It cannot be denied that the stress-induced suppression of
body weight gain in the present study’s stress group may be
attributable to poor nutrition, causing kisspeptin to decrease
through leptin signaling.

In the testes of the mice, we found that the number of DNA
fragmented cells per seminiferous tubule was significantly
higher in the stress group, corresponding to earlier research
concerning stress-induced testicular germ cell apoptosis
[48]. Tt is well known that spermatogenesis depends mainly

Representative histology and immunohistochemistry of the brain in the control and
stress-group mice. Coronal photomicrographs show no morphological differences between
the ARC of the control (A) and stress (B) groups (ARC: arcuate hypothalamic nucleus.
3V: third ventricle. Bar=200 um). Kisspeptin neurons in the ARC were similarly detected
in the control (C) and stress (D) groups. At high magnification: the granular kisspeptin
immunoreactivity decreased slightly in the brain sections from the stress group (F) compared
to that of the control group (E). Bar=100 ym.

on FSH signaling in Sertoli cells [36]. On the other hand,
testicular steroidogenesis is regulated by LH signaling,
which activates steroidogenic acute regulatory (StAR)
protein and steroidogenic enzymes, such as cytochrome
P450 side-chain cleavage enzyme (P450scc) [40]. The
protein and mRNA levels of StAR and P450scc in Leydig
cells in vitro dose-dependently decreased by corticosterone
or diethylstilbestrol, indicating that they are early targets of
environmental factors in the testes [23, 33, 45].

Previous works using rodents under low LH and FSH
conditions created by estradiol and diethylstilbestrol
administration [2, 46] suggested that the thinning
seminiferous epithelia observed in both those studies and the
present study may be due to a deficiency of both hormones.
In addition, in vitro studies showed that spermatogonia in
their seventh generation bound to be primary spermatocytes
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would die by apoptosis without a sufficient FSH/prolactin
ratio and meiosis initiation factors from Sertoli cells [1, 49].
Although testicular apoptosis is known to occur rarely under
the physiological condition in mature males, the aggregated
distribution of ssDNA-positive spermatogonia around
certain Sertoli cells in the present study’s stress-group mice
supports this theory.

The multinucleated giant cells observed in our stress-
group mice are similar to those seen in the seminiferous
tubules of gorillas kept in zoos [9]. Chronic underexercise
and nutritional and psychological stress are thought to
be causes of testicular damages in gorillas [30]. Although
the relationship between male infertility in humans and
environmental stress is not yet understood, these critical
conditions in zoo animals may reflect those in humans.
We hope that further efforts to promote environmental
enrichment for zoo animals will be made.

Regarding testicular oxidative stress, an imbalance
between the generation of reactive oxygen species (ROS)
and scavenging antioxidative enzymes should also be noted.
Redundant ROS mainly attack sperm DNA and the cell
membrane, and thus, testicular oxidative stress is associated
with male infertility from the clinical perspective [43]. The
origins of oxidative stress range widely and are not fully
identified, but recent studies demonstrated that corticosterone
administration and restraint stress induced oxidative stress in
chicken and rat [22, 50].

In general, stress is thought to suppress food intake and
body weight. The weekly differences in body weight between
the present control and stress groups gradually widened
throughout the experiment and became significant at 3 to 4
weeks. The metabolic suppression is a common symptom
resulting from an unpredictable chronic stress procedure
[5, 24]. Such procedures are also known to increase the
plasma corticosterone level [5, 7] and decrease sexual
behaviors [12]. Therefore, the mice in the present stress group
could be an animal model of reproductive suppression by
environmental stress. The present findings are worthwhile,
because detailed research about the reproductive effects of
this unpredictable chronic stress procedure has not been
conducted.

Taken together, the findings in the present experiment
demonstrated that even a mild degree of environmental
stress can affect male reproduction. To our knowledge,
this study provides the first evidence of an association
between stress-induced reproductive suppression and
reduced kisspeptin immunoreactivity at the peptide level.
The testicular degeneration with an increased number of
DNA fragmented cells occurred through these possible
mechanisms. These effects of environmental stress might
be crucial at the juvenile, fetal and organogenesis stages
with their greater susceptibility. Further studies are needed
to clarify the multilevel reproductive suppression caused by
environmental stress.
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