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Effect of testosterone replacement on feeding behaviors after
acute and chronic stress in gonadectomized male NMRI mice
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BACKGROUND: We study the role of gonadectomy on the response to unavoidable stress and the role of testosterone
replacement on gonadectomy in the male Naval Medical Research Institute mice (30±5 g) were studied. For this purpose, the
hormonal and metabolic changes were investigated.
METHODS: In the experimental group, the gonads were surgically removed, and a cannula was inserted into the left lateral
ventricle. For acute and chronic stress induction, animals were placed in the communication box for 30 min for one day and four
consecutive days, respectively. The animals received different doses of intraventricular (ICV) testosterone (0.01, 0.05, 0.1
µg/mouse) 5 minutes or intraperitoneal (IP) testosterone (0.05, 0.01, 0.1 mg/kg) 30 minutes before the stress induction.
RESULTS: The results showed that acute and chronic stress increases plasma cortisol concentration. IP testosterone injections
of testosterone did not decrease cortisol concentrations in response to acute stress, whereas ICV injections did reduce cortisol
concentrations. The stress reduced anorexia time, while the administration of testosterone increased anorexia time. In addition,
acute stress reduced food intake in the gonadectomized mice. IP testosterone at 0.01 and 0.05 mg/kg increased food intake.
Additionally, stress in gonadectomized mice reduced water intake, while the IP injection of testosterone in chronic stress further
reduced water intake. Also, stress reduced the animals’ brain/adrenal volumes, while the IP and ICV injection of testosterone at
0.01 mg/kg inhibited this effect.
CONCLUSION: The results showed that the IP (0.05, 0.01, 0.1 mg/kg) and ICV (0.01, 0.05, 0.1 µg/mouse) administration of
testosterone in the gonadectomized mice can modulate hormonal and metabolic changes induced by stress.
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Introduction

Stress is a physical, mental, and emotional response to an
external stimulus that could cause adaptation to the changes.
Today, the study of stress and its complications is important
because acute and chronic stresses are among the most
important mental health problems in human society (Derijk et
al., 2008; Ehteram et al., 2017; Asalgoo et al., 2015). Stress
also plays an important role in many health problems,
including asthma, cancer, diabetes, and endocrine disorders.
These diseases place large financial burdens on healthcare
systems every year (Segerstrom and Miller, 2004; Salleh,
2008).

Stress responses, the coordinated responses that increase
one’s chances of survival, include changes in behavior,
autonomic system performance, and the secretion of several
hormones such as adrenocorticotropin, cortisol, corticoster-
one, and catecholamine. One of the important neuroendocrine
system responses to stress is activation of the hypothalamic–
pituitary–adrenal (HPA) axis (Derijk et al., 2008; Pourha-
shemi et al., 2016). A stressful stimulus causes the release of
corticotropin-releasing hormone (CRH) and vasopressin (VP)
from the hypothalamus paraventricular nucleus (PVN). CRH
and VP stimulate the secretion of adrenocorticotropic
hormone (ACTH) from the anterior pituitary to the blood,
which results in the production and secretion of glucocorti-
coids from the adrenal cortex (Ghobadi et al., 2016; McEwen
et al., 2016; Hassantash et al., 2017). Through their receptors
located in the peripheral target organs, glucocorticoids cause
metabolic changes such as mobilizing energy to maintain
muscle and brain function, increasing blood flow and cerebral
glucose utilization, increasing cardiac output, increasing the
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respiratory rate, and distributing the blood flow to increase
substrate and energy transmission to the brain and muscles
(McEwen, 2007; McEwen et al., 2016; Erfani et al., 2017).
CRH and ACTH act on the hypothalamus neurons to play a
major role in the development of anorexia nervosa in stress
(Connan et al., 2007). Thus, stress can affect the hormonal
and neurotransmitter systems. Many studies have shown that
psychological and physiologic stress can induce sexual
dysfunction and infertility (Kennedy et al., 1999; Baldwin,
2001). There is a functional interaction between the gonads
and the adrenal axes that is in large part due to the interactive
effects of sex hormones and glucocorticoids, demonstrating
that several disease states connected to stress are sex-
dependent. Testosterone can act and interact with different
aspects of basal and stress HPA function. The basal ACTH
release is regulated by testosterone-dependent effects on
arginine vasopressin synthesis and corticosterone-dependent
effects on CRH synthesis in the PVN of the hypothalamus. In
contrast, testosterone and corticosterone interact on stress-
induced ACTH release and drive to the PVN motor neurons.
In males, stress significantly reduces levels of gonadotropin-
releasing hormone (GnRH), follicle stimulating hormone
(FSH), luteinizing hormone (LH), and testosterone (Arun et
al., 2016; Rai et al., 2004).

It has been shown that response to stress involves sexual
dimorphism, which means that men and women respond to
stress differently. On the other hand, studies in humans and
animals have indicated sexual differences in terms of
sensitivity to the stress response. These sexual differences
may be related to environmental, cultural, social, genetic, and
sex hormone factors (Curtis et al., 2006; McEwen and Milner,
2007; McEwen et al., 2016). Prolonged stress reduces the
male sex hormone level, which can cause a rapid response to
new situations. Chronic stress, which keeps the body in a state
of constant threat, is a major factor in the decline of
testosterone levels. It has been shown that testosterone and
estrogen exert reliable inhibitory and stimulatory effects,
respectively, on HPA axis activity (Williamson et al., 2005).
Lund et al. (2006) showed that different metabolites of
testosterone, such as 5α-dihydrotestosterone and its 3β-diol
metabolite, are capable of acting locally to suppress stress-
induced levels of PVN Fos mRNA and plasma ACTH and
corticosterone. Studies also showed that different kinds of
stress, like restraint, electrical shock, cold, and sleep
deprivation, could decrease testosterone levels (Hardy et al.,
2005; Hari Priya and Reddy, 2012). However, studies of the
relationship between stress and sex hormones in rodents
showed conflicting results. Although several studies have
investigated the effects of testosterone during stress, studies
that compare the effect of the intraventricular (ICV) and
intraperitoneal (IP) administration of testosterone on meta-
bolic changes during electric foot shock stress are lacking.
Therefore, the aim of this study was to investigate the effects
of the ICV and IP injection of testosterone on plasma cortisol
concentration and eating behaviors such as anorexia, water

and food intake, weight change, and brain/adrenal gland
volume during acute and chronic stress in male gonadecto-
mized Naval Medical Research Institute (NMRI) mice.

Material and methods

Animals

Male NMRI mice weighing 30±5 g each were kept in groups
of four per cage in 12-h light/dark conditions at 22–24°C with
food and water provided ad libitum except during the
experimental time. The animals were housed in the standard
animal room for 1 week for adaptation before the start of the
study. The animals were randomly divided into control and
experimental groups (n = 8/each). Food and water intake was
recorded for each animal at specific hours every day using the
amount of food and water left in each cage. Animal
experiments were conducted in accordance with the Guide-
lines of the National Institute of Health for the Care and Use
of Laboratory Animals and approved by the local ethical
committee (The Baqiyatallah University of Medical Sciences
Committee on the Use and Care of Animals, 87/381).

Drugs

The following drugs were used throughout the experiments:
testosterone (Abu-Rayhan-Iran), ketamine hydrochloride
(Sigma–Aldrich, USA), and diazepam (Sigma–Aldrich).
Testosterone was dissolved in sesame oil and injected ICV
(0.01, 0.1, 0.05 mg/mouse) 5 min or IP (0.01, 0.1, 0.05 mg/kg)
30 min before the stress induction. The ketamine hydro-
chloride and diazepam hydrochloride were dissolved in sterile
saline.

Cannulation

For cannulation, the animals were first anesthetized with
ketamine 50–75 mg/kg and diazepam 5–7 mg/kg and the
surgical area was shaved. The animals were placed in a
stereotaxic apparatus and a small incision was made in the
scalp to expose the skull. Using bregma and lambda as
landmarks, the skull was leveled in the coronal and sagittal
planes with one or two guide cannulas (gauge no. 23; World
Precision Instruments) implanted into the skull above the
lateral ventricles utilizing the Paxinos and Franklin (2001)
atlas (for the lateral ventricles, AP = + 0.9 mm; ML =
±2 mm; DV = 3 mm) and fixed with dental acrylic cement.
The animals were given 7 days to recover after the surgery. A
dental needle head no. 30 (Alibaba; INTR), polyethylene
tubes, and 10-mL Hamilton syringes were used for the
injections. The unilateral (left lateral ventricle) administration
of different doses of testosterone (0.1, 0.01, and 0.05
mg/mouse) was conducted daily for 5 min prior to the stress
induction. The brain injection was gradual and lasted 60 s,
during which time the animals were free to move around.
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Gonadectomy

First, the animal was anesthetized by an IP injection of
ketamine hydrochloride 70 mg/kg and xylazine 10 mg/kg
(Mohammadian et al., 2017; Sadeghi-Gharajehdaghi et al.,
2017). Each animal was placed in dorsal recumbency, the
hair over the caudal abdomen was shaved, and the surgical
area was disinfected with 70% alcohol followed by a
2% chlorhexidine solution. Next, a midline incision approxi-
mately 5–7 mm long was made in the scrotum to expose
the tunica. One testis was pushed out of the tunica and
the vas deferens and spermatic blood vessels were
cauterized. Finally, the testes were removed and the incision
was sutured.

Animal group

The animals were randomly divided into nine groups (n = 8
each). The control group animals received no treatment. The
experimental group animals were gonadectomized and
divided into two acute and chronic stress groups. Testosterone
was injected IP or ICV (left side) into the experimental group
animals. Testosterone was injected IP (0.01, 0.1, 0.5 mg/kg)
30 min or injected ICV (0.01, 0.1, 0.5 mg/mouse) 5 min before
the induction of chronic or acute stress. After the testosterone
administration, to induce stress, the animals were placed into
a communication box consisting of nine separate parts (50 �
16 � 16 cm) with Plexiglas walls and tiny holes with a 2-mm
diameter to allow olfactory and auditory communication
between the mice. Steel bars (with a 4-mm diameter) were
placed on the floor of the instrument at 1.3 cm apart through
which the electric shock is transmitted to the animal’s soles
(Dalooei et al., 2016; Amouei et al., 2016). Shock duration
and intensity were controlled by a computer connected to the
communication box (60 mV, 10 Hz, for 60 s). The electric
shock was induced randomly for 9–13 h. To allow the animals
to adapt to the environment, they were transferred to the test
room 60 min before the stress induction and remained there
30 min before and 30 min after the stress induction. In acute
stress, the animals received foot shocks for 1 day; in chronic
stress, the animals received foot shocks for 4 consecutive
days. The control animals were placed in the device for 60
min without receiving any shocks. After the stress induction,
the animals were returned to their cages. Anorexia (the
elapsed time between mouse replacement in the home cage
and the beginning of food intake was calculated as a delay of
eating or anorexia), water and food intake, and weight were
measured every day at a specific time. The control group
received sesame oil (testosterone solvent). After completing
the tests on day 4, the animals were anesthetized using high
doses of ketamine and their brains and adrenal glands were
removed and kept in 4% formalin solution for fixation. Sixty
days later, the brains and adrenal glands were removed from
the formalin. The weights and volumes of the brains and
adrenal glands were measured by mercury immersion.

Cortisol concentration

One day before the start and on the last day of the experiment,
blood samples were collected from all animals in all groups
from their retro-orbital sinus (0.5 mL of blood in 0.5 mL of
3% ethylenediaminetetraacetic acid). The blood was then
centrifuged at 3000 rpm for 5 min at 4°C and the serum was
collected for cortisol detection. The serum was collected and
frozen at -20°C and the cortisol concentrations were
determined using an enzyme-linked immunosorbent assay
kit (Cortisol ELISA kit 4164; DRG Instruments GmbH,
Germany). Briefly, serum samples were added to 96-well
plates containing biotinylated primary antibody and then
incubated at 37°C for 45 min. Thereafter, the plates were
washed and horseradish peroxidase–conjugated streptavidin
solution was added to the wells and incubated for an
additional 30 min at 37°C. The 3,30,5,50-tetramethylbenzi-
dine substrate was added, the plates were incubated for an
additional 15 min at 37°C, and stop solution was added to the
wells to terminate the reaction. Cortisol concentrations were
determined using a standard curve.

Data analysis

The data are expressed as mean±S.E.M. To analyze the data,
one-way analysis of variance followed by Tukey test were
used. Values of p< 0.05 were considered statistically
significant.

Results

Effects of testosterone administration on plasma cortisol
levels during acute and chronic stress induction

The results showed that acute and chronic stress significantly
increased plasma cortisol concentrations compared to the
control group. In both acute and chronic stress, the IP
administration of testosterone has no significant effect on
plasma cortisol concentrations. However, the ICV injection of
testosterone in acute and chronic stress significantly
decreased cortisol concentrations (Figs. 1A and 1B).

Effect of testosterone administration on anorexia during
acute and chronic stress

After stress induction, the experimental groups were returned
to their holding cages and the duration of anorexia (delay of
eating) was measured. The results obtained on the first day
were taken as 100 and as a point of reference for
measurements made on subsequent days (percentage). As
shown in Fig. 2A, acute stress significantly decreased
anorexia time compared to the control group. The IP (0.1
and 0.05 mg/kg) and ICV (all doses) injections of testosterone
in acute stress significantly increased anorexia time compared
to the stress group. This increase was higher when
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testosterone was injected ICV. Anorexia time in chronic stress
also decreased compared to the control group. Only the IP
administration of testosterone 0.05 mg/kg significantly
increased the anorexia time compared to the chronic stress
group, whereas the ICV administration of testosterone at all
doses significantly increased anorexia time compared to the
chronic stress group (Fig. 2B).

Effect of testosterone administration on food intake after
acute and chronic stress induction

The animals were returned to their cages after stress induction
and the food intake was measured during 24 h for 4
consecutive days. The results obtained on the first day were
taken as 100 and as a point of reference for measurements
made on subsequent days (percentage). The results showed
that both acute and chronic stress significantly reduced food
intake in gonadectomized mice. However, the effect of
chronic stress on food intake reduction was lower than that of
acute stress. In both acute and chronic stress, IP injections of
testosterone (0.01 and 0.05 mg/kg in acute stress and 0.1 and

0.05 mg/kg in chronic stress) increased the food intake
compared to the stress group. However, in the chronic stress
experiments, the IP injection of testosterone at 0.01 mg/kg
significantly decreased the food intake compared to the stress
group (Figs. 3A, 3B). In the acute stress experiments, the ICV
injection of testosterone 0.01 and 0.05 µg/mouse increased
the food intake compared to the stress group, but the injection
of 0.1 µg/mouse decreased the food intake compared to the
stress group. In chronic stress, the ICV injection of
testosterone at 0.1 and 0.01 µg/mouse reduced the food
intake, while no significant changes were observed at 0.05
µg/mouse compared to the stress group.

Effect of testosterone administration on water intake after
acute and chronic stress induction

As shown in Figs. 4A and 4B, both acute and chronic stress
reduced the water intake compared to the control group. The
IP administration of testosterone at 0.05 and 0.1 mg/kg in
acute stress significantly reduced water intake compared to
the stress group. However, the ICV administration of

Figure 1 Effect of intraperitoneal and intraventricular injection of testosterone on plasma cortisol concentrations during the induction of
acute (A) and chronic (B) stress. Mean±S.E.M. for 8 animals. *P< 0.05, **P< 0.01, and ***P< 0.001 indicate significant differences
compared to the control group. †P< 0.05 indicates a significant difference compared to the stress group.
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testosterone at all doses (0.1, 0.05, 0.01 µg/mouse)
significantly increased water intake (Fig. 4A). In the chronic
stress experiments, the IP administration of testosterone had
no effect on water intake compared to the stress group;
however, the ICV administration of testosterone significantly
reduced water intake compared to the stress group (Fig. 4B).

Effect of testosterone administration on weight changes
after acute and chronic stress induction

The animals were weighed every day before the stress
induction and their weight changes were measured over 4
days. Figure 5 shows the effect of different doses of
testosterone on the animals’ weight. Acute stress significantly
increased the animals’ weights compared to the control group
(Fig. 5A), while chronic stress had no effect on bodyweight
compared to the control group (Fig. 5B). On the other hand, in
the acute stress experiments, the IP administration of
testosterone at 0.1 and 0.01 mg/kg significantly reduced the

animals’ weights compared to the stress group (Fig. 5A).
However, the ICVadministration of testosterone had no effect
on bodyweight compared to the stress group. As shown in
Fig. 5, the IP injection of testosterone at 0.01 mg/kg
significantly reduced the weights compared to the stress and
control groups. However, the ICV injection of testosterone
had no effect on animal weights.

Effect of IP and ICV injection of testosterone on brain/
adrenal gland weight after acute and chronic stress

As shown in Figs. 6A and 6B, acute stress caused a significant
decrease in brain and adrenal gland weights compared to the
control group. However, chronic stress had no significant
effect on brain and adrenal gland weights compared to the
control group. In both acute and chronic stress, the IP and
ICV injections of testosterone 0.01 mg/kg significantly
increased the ratio of brain to adrenal gland weight compared
to the stress and control groups.

Figure 2 Effect of intraperitoneal and intraventricular injection of testosterone on delay to eating during the induction of acute (A) and
chronic (B) stress. Mean±S.E.M. for 8 animals. *P< 0.05, **P< 0.01, and ***P< 0.001 indicate significant differences compared to the
control group. †P< 0.05 indicates a significant difference compared to the stress group.
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Discussion

In this study, acute and chronic stress increases plasma
cortisol levels in male mice. The IP injection of testosterone
could not reduce the plasma cortisol concentrations. How-
ever, the ICV injection of testosterone reduced plasma cortisol
concentrations. Stress can cause increased HPA axis activity,
and an increased level of glucocorticoid hormones is one of
the most important signs of stress (McEwen, 2007). In the
present study, these mechanisms may increase plasma
concentrations of cortisol in animals after stress induction.
Several studies showed that androgens inhibit stress-stimu-
lated ACTH and cortisol concentrations in animals (Handa et
al., 1994; Papadopoulos and Wardlaw, 2000). Testosterone
(through several mechanisms such as decreased CRH,
increased glucocorticoid receptor concentrations, decreased
arginine vasopressin [AVP], and suppression of cortisol
secretion through its metabolite 3 beta androstanediol)
reduced cortisol concentrations (Lund et al., 2004; Rubinow
et al., 2005). It is possible that the ICV injection of

testosterone reduces cortisol concentrations via these
mechanisms.

Our results showed that chronic stress causes slight weight
gain in animals, but this increase was not significant and
probably due to stress-induced overeating. The IP injection of
testosterone 0.01 mg/kg reduced the animals’ weights in the
stress experiments. However, the ICV administration of
testosterone had no effect on the animals’ weights in the
chronic stress condition. Overeating caused by stress is
common in human societies and may lead to metabolic
disorders such as obesity and diabetes (Mikolajczyk et al.,
2009). It is believed that the presence of high plasma and
brain cortisol concentrations leads to high brain sensitivity
that is reflected in increased nutritional intake and the
tendency to the use special foods, increase sugar and fat
cravings, and even increase fat stores. This is one mechanism
by which stress increases fat and leads to metabolic
dysfunction. Chronic stress, together with high glucocorticoid
concentrations, usually reduces bodyweight gain in rats; in
contrast, in stressed or depressed humans, chronic stress

Figure 3 Effect of intraperitoneal and intraventricular injection of testosterone on food intake during the induction of acute (A) and
chronic (B) stress. Mean±S.E.M. for 8 animals. *P< 0.05, **P< 0.01, and ***P< 0.001 indicate significant differences compared to the
control group. †P< 0.05 indicates a significant difference compared to the stress group.
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induces either elevated comfort food intake and bodyweight
gain or reduced intake and bodyweight loss. Comfort food
ingestion, which produces obesity, decreases corticotropin-
releasing factor (CRF) mRNA in the rat hypothalamus
(Dallman et al., 2003). Also, ghrelin is an important
molecular mediator that leads to weight gain. Ghrelin is an
appetizer peptide that is synthesized mainly in the stomach
and observed in the blood of healthy individuals, but its
circulating concentrations have been found to increase
following stress (Chuang and Zigman, 2010). Ghrelin plays
a role in food intake, weight gain, and obesity in rodents.
Since chronic stress can lead to exposure to high cortisol
levels in the brain and body and has direct and indirect effects
on reward systems, the combination of these factors (high
cortisol and more calories) can increase the amount of
abdominal fat and leads to obesity (Adam and Epel, 2007).

Studies have shown that chronic stress reduces food intake
in animals. Several studies have shown that stress can inhibit
bodyweight gain and food intake in rodents (Krahn et al.,
1990; Dallman et al., 1992). This reduction in food intake
may be due to stress adaptation in animals. Acute stress can

reduce food intake 1 day after stress in male mice. In the
current study, the IP injection of testosterone had no
significant ability to inhibit the effects of chronic stress on
food intake, whereas the ICV injection of testosterone 0.05
µg/mouse increased the food intake. The HPA axis plays an
important role in appetite regulation. The CRF is responsible
for the anorexia in stress. The injection of CRF into the brain
reportedly reduces appetite (Majzoub, 2006). However, there
are sexual differences in this regard, and some studies have
shown that food consumption, especially in women, increases
during stress (Habhab et al., 2009). Testosterone receptors are
involved in the control of food intake. For instance, androgen
levels are involved in food intake and metabolism in women,
which results in weight gain (Cotrufo et al., 2000; Hill, 2010).
The arcuate nucleus plays a pivotal role in the control of food
intake by opposing orexigenic and anorexigenic neuronal
circuits. The anorexigenic neurons express cocaine- and
amphetamine-regulated transcript (CART) and pro-opiome-
lanocortin (POMC). The activation of POMC/CART neurons
signals to the downstream neuronal pathways that suppress
food intake. Hill (2010) showed that androgens could affect

Figure 4 Effect of intraperitoneal and intraventricular injection of testosterone on water intake during the induction of acute (A) and
chronic (B) stress. Mean±S.E.M. for 8 animals. **P< 0.01 and ***P< 0.001 indicate significant differences compared to the control
group. †P< 0.05 indicates a significant difference compared to the stress group.
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POMC gene expression and that androgen receptors regulate
the transcription of target genes by interacting with DNA
response elements.

In the present study, the effects of stress on the delay to
eating were also investigated. Chronic stress increases the
delay to eating in the stress group. As mentioned above, CRF
has a significant effect on appetite suppression and is
considered a strong neuropeptide appetite inhibitor. Also,
glutamate drives the HPA axis stress responses through
excitatory signaling via ionotropic glutamate receptor signal-
ing. Moreover, glutamate innervation of the PVN undergoes
neuroplastic alteration under chronic stress and may be
involved in the sensitization of HPA axis responses (Evanson
and Herman, 2015). Chronic stress may reduce the regulation
of or changes in CRF receptor distribution in the hypotha-
lamus and decrease the effect of CRF on the induction of
anorexia during the chronic stress. The IP administration of
testosterone at three doses reduced the delay to eating and the
ICV injection of testosterone 0.1 or 0.05 µg/mouse increased
the delay to eating time.

Our results show that acute stress can lead to reduced water
intake in animals, a finding that is inconsistent with previous
studies (Osanloo et al., 2015). The mechanisms involved in
thirst are activated during stress and lead to the thirst
sensation. The HPA axis plays an important role in adaptation
to environmental stressors through the secretion of CRF and
VP, which regulate ACTH release from the anterior pituitary
and are involved in regulating the body’s water intake. During
stress stimulation, the simultaneous secretion of these two
neurohormones from the PVN exacerbates the sensation of
thirst and increases water intake (McEwen, 2012). In this
study, the IP testosterone administration could not inhibit the
effects of acute stress on reducing water intake, but the ICV
injection of testosterone at three doses can indeed inhibit the
effects of acute stress and result in increased water intake. We
showed here that chronic stress also leads to a reduced water
intake in male mice, while the ICV and IP injections of
testosterone could not reduce water intake. Testosterone has a
suppressive effect on stress-induced AVP biosynthesis in the
median eminence (Viau and Meaney, 1996).

Figure 5 Effect of intraperitoneal and intraventricular injection of testosterone on weight change during acute (A) and chronic (B)
stress. Mean±S.E.M. for 8 animals. *P< 0.05 indicates a significant difference compared to the control group. †P< 0.05 indicates a
significant difference compared to the stress group.
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We also studied the effects of stress on brain/adrenal gland
volume ratio. The hippocampus is a part of the brain involved
in learning and memory (Meftahi et al., 2014; Eslamizade et
al., 2015; Meftahi et al., 2015). Several studies have shown
that the volume and weight of any part of the brain such as the
hippocampus are reduced after chronic stress, demonstrating
stress-induced dendrite atrophy and shrinkage, loss of
dendrite spines in neuronal populations, and increased
volume and weight of the outer part of the adrenal gland
(Liston et al., 2006; Ulrich-Lai et al., 2006; Lee et al., 2009;
Motahari et al., 2016).

Our results show that chronic stress can decrease the brain
to adrenal gland volume ratio. On the other hand, the brain to
adrenal gland weight ratio was also reduced in stresses
animals. The IP and ICV administration of testosterone
inhibited the damaging effects of stress; however, both

increased brain/adrenal gland volume. These results showed
that androgen receptors in the brain play an important role in
inhibiting the damage caused by chronic stress.

ACTH and corticosterone responses to acute stress in male
rats are increased by gonadectomy and is reversed by 5α-
dihydrotestosterone (the reduced nonaromatizable form of
testosterone), a finding that is consistent with our results
(Handa et al., 1994; Viau and Meaney, 1996). This shows that
the suppressive effect of testosterone in males on stress HPA
function is mediated by an androgen receptor–mediated effect
under stress conditions. Acute exposure to stress elevates
glutamate release in many parts of the brain such as limbic
system, prefrontal cortex, hippocampus, and amygdala. If
stress becomes chronic (more than a few hours or over long
periods of time more than once a day), glucocorticoid levels
increase severely and lead to stimulation of the glutamate

Figure 6 Effects of acute (A) and chronic (B) stress on changes in the ratio of brain volume/adrenal gland. Animals received different
doses of intraventricular testosterone (0.1, 0.1, or 0.05 µg/mouse) 5 min and intraperitoneal testosterone (0.1, 0.01, or 0.05 mg/kg) 30 min
before the stress induction. Mean±S.E.M. for 8 animals. *P< 0.05 indicates a significant difference compared to the control group.
†P< 0.05 indicates a significant difference compared to the stress group.
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system, which damages different parts of the nervous system
including the cerebral cortex and hippocampus (Venero and
Borrell, 1999; Yuen et al., 2012). For this reason, reductions
in brain size and weight after a period of chronic stress is
predictable. Studies have shown that chronic stress increases
adrenal gland weight by hyperplasia of the outer zona
fasciculate and hypertrophy of the inner zona fasciculata and
medulla. Stress-induced increases in adrenal medullary size
and/or catecholamine content is frequently observed after
other types of stress as well. Furthermore, following stress
there is a generalized increase in medullary function, which
suggests that medullary hypertrophy may be a general
consequence of chronic stress (Miyamoto et al., 1999;
Ulrich-Lai et al., 2006).

Wright et al. (1991) have shown that androgens can
increase the volume, neuron number, and synapses of
developing rat superior cervical ganglion. Hammond et al.
(2001) also indicated that physiologic levels of testosterone
could protect against serum deprivation–mediated neuronal
apoptosis by interacting with androgen receptors. One of the
proposed mechanisms is that androgens increase hippocam-
pal neurogenesis by enhancing cell survival with no
significant effects on cell proliferation in the dentate gyrus
of male rodents (Spritzer and Galea, 2007). Thus, these
findings are consistent with the present results demonstrating
brain/adrenal volume decreases in stress.

Conclusions

The results of this study showed that the ICV and IP
administration of testosterone in gonadectomized male mice
can play an important role in the modulation of hormonal and
metabolic effects caused by acute and chronic stress,
including water and food intake, bodyweight changes,
anorexia, and plasma cortisol level and the ratio of brain
weight and volume to adrenal gland weight and volume
during the induction of acute and chronic stress.
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