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Abstract. Post‑traumatic stress disorder (PTSD) is an anxiety 
disorder triggered by life‑threatening events that cause intense 
fear. Exercise is known to have protective effects on neuro-
psychiatric diseases. The present study investigated whether 
treadmill exercise during pregnancy reduced or alleviated 
symptoms of PTSD in maternal rats. To induce predator stress 
in pregnant rats, rats were exposed to a hunting dog in an 
enclosed room. Exposure time was three 10‑min daily sessions 
separated by 1 h, starting at week 1 of pregnancy until delivery. 
Pregnant rats in the exercise group were forced to run on a 
treadmill for 30 min once a day, starting one week following 
pregnancy until delivery. Rats receiving predator stress during 
pregnancy exhibited PTSD anxiety‑like behaviors following 
delivery. Expression of 5‑hydroxytryptamine (5‑HT) and its 
synthesizing enzyme tryptophan hydroxylase (TPH) in the 
dorsal raphe was increased compared with unstressed rats. 
Expression of c‑Fos and neuronal nitric oxide synthases 
(nNOS) in the hypothalamus and locus coeruleus were higher 
in the rats receiving stress during pregnancy compared 
with unstressed rats. By contrast, treadmill exercise during 
pregnancy ameliorated anxiety‑like behaviors and reduced 
the expression of 5‑HT, TPH, c‑Fos and nNOS in the PTSD 
maternal rats. The results of the present study indicate that 
exercise during pregnancy is suitable for use as a therapeutic 
strategy to reduce anxiety‑related disorders, including PTSD.

Introduction

Severe stress induces anxiety disorders which manifest as 
marked, continual, excessive and irrational reactions to fear (1). 

Anxiety disorders are closely associated with an inability to 
distinguish between learned fear responses (2). Of the anxiety 
disorders, post‑traumatic stress disorder (PTSD) exhibits a 
variety of symptoms that include exaggerated fear, helpless-
ness and terror following extremely stressful events. The 
symptoms of the re‑experience of an earlier traumatic event 
are panic attack, phobic avoidance of situations that resemble 
the traumatic event and psychic numbing (3). Pharmacological 
treatments of PTSD patients are mainly serotonergic agonists. 
Delayed onset, poor efficacy and relapse are the main compli-
cations of these drugs (4,5).

Serotonin, also known as 5‑hydroxytryptamine (5‑HT), 
has been implicated in a wide variety of physiological, 
sensorimotor and behavioral functions. Malfunction of the 
serotonergic systems has been hypothesized to be the main 
etiological factor for numerous psychiatric illnesses, including 
anxiety, mood and eating disorders, as well as neurovascular 
disorders, i.e., migraine (6,7). Serotonergic systems inhibit 
proactive coping responses, including aggression and escape 
behaviors, and facilitate passive‑submissive behaviors 
including fear‑ and anxiety‑like behaviors (6,8,9). The biosyn-
thesis of 5‑HT from tryptophan is catalyzed by tryptophan 
hydroxylase (TPH), initially producing 5‑hydroxytryptophan. 
The decarboxylation of 5‑hydroxytryptophan into 5‑HT 
is catalyzed by an aromatic amino acid decarboxylase. As 
TPH is the rate‑limiting enzyme in serotonin production, its 
expression is used as the indicator of serotonin synthesis (10). 
Depressed suicide victims have higher TPH immunoreactivity 
in the dorsal raphe nucleus compared with nonpsychiatric 
control subjects (11). Chamas et al (12) proposed that repeated 
immobilization stress increases TPH mRNA and protein 
concentrations.

The immediate‑early gene product, c‑Fos, is expressed 
throughout the brain in response to a variety of stimuli. The 
detection of c‑Fos is a powerful tool for the study of intra-
cellular responses of neurons. As c‑Fos expression in the 
brain represents neuronal activation, increased c‑Fos expres-
sion indicates that neurons are activated by stimuli (13‑15). 
Increased serotonergic neuronal activity induced by social 
defeat is followed by increased c‑Fos expression, resulting in 
an increased extracellular serotonin concentration within the 
dorsal raphe nucleus (8,16).
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The biological substrates involved in social interactions 
and anxiety behaviors remain unclear. Nitric oxide (NO) has 
been implicated in social interactions and anxiety‑like behav-
iors (17,18). NO is synthesized from L‑arginine by a family 
of isoformic enzymes known as NO synthases (NOSs). Three 
isoforms of NOS have been identified: neuronal (nNOS), endo-
thelial (eNOS) and inducible (iNOS). Of these, nNOS is rich 
throughout the limbic system of the brain area, which controls 
emotional behaviors (19,20). Inhibition of nNOS alters social 
interactions and anxiety‑like behaviors (17,18) and inhibition 
of NOS causes antidepressive effects (21).

Exercise is known to enhance learning ability and memory 
function (22‑24). An ameliorating effect of exercise on depres-
sion has also been reported (25‑28). However, the effects of 
exercise on stress‑induced anxiety symptoms remain unclear. 
In the present study, the effect of treadmill exercise on 
anxiety‑like symptoms induced by stress during pregnancy 
was investigated in maternal rats. The anxiolytic effects of 
treadmill exercise were evaluated by an elevated plus maze 
(EPM) test and the expression of 5‑HT, TPH, c‑Fos and nNOS 
were determined by immunohistochemistry.

Materials and methods

Animals. Adult pregnant Sprague‑Dawley rats were obtained 
from a commercial breeder (Orient Co., Seoul, Korea). The 
animals were housed under controlled temperature (23±2˚C) 
and lighting (08:00‑20:00 h) conditions, with food and water 
available ad libitum. The pregnant rats were randomly divided 
into 4  groups (n=5 per group): control, control exercise, 
PTSD‑induced and PTSD‑induced and exercise. All experi-
mental procedures were performed in accordance with the 
animal care guidelines of the National Institutes of Health and 
the Korean Academy of Medical Sciences.

Induction of stress. Stress was induced by exposure of preg-
nant rats to a hunting dog in an enclosed room as previously 
described (29). Exposure time was 10 min, repeated 3 times/day 
with a 1‑h interval. Exposure of maternal rats to the hunting 
dog was performed from day 7 following pregnancy until 
delivery. The response of each pregnant rat during predator 
exposure involved observation from a distance, approaching 
and sniffing and chasing with occasional mild attack. The 
hunting dog was able to approach, but was not able to injure 
the pregnant rats. The same hunting dog was used throughout 
the experiment. Control rats were left undisturbed during the 
pregnancy.

Exercise protocol. Pregnant rats in the exercise groups were 
forced to run on a treadmill for 30 min/day starting at day 7 
of pregnancy until delivery. The exercise load consisted of 
running at a speed of 2 m/min for 5 min, followed by 5 m/min 
for 5 min and then 8 m/min for the last 20 min. The rats in 
the non‑exercise groups were left on the treadmill without 
running for the same period as the exercise groups.

Elevated plus maze test. Following delivery, the maternal 
rats were left undisturbed together with their neonatal rats 
for 3 weeks. Anxiety‑like behavior was evaluated using the 
EPM test as described previously (30,31). The EPM consisted 

of two opposing open arms (45x10  cm) and two closed 
arms (45x10x50 cm) that extended from a central platform 
(10x10 cm) elevated 65 cm above the floor. Each pregnant rat 
was placed on the central platform facing a closed arm and 
was allowed to freely explore the maze for 5 min. Entry into an 
arm was defined as entry of all four paws into the arm. Time 
spent in the open and closed arms were measured.

Brain preparation. Animals were sacrificed immediately 
following EPM testing. To prepare the brain slices, animals 
were fully anesthetized with Zoletil 50® (10  mg/kg, i.p.; 
Vibac, Carros, France), transcardially perfused with 50 mM 
phosphate‑buffered saline (PBS) and then fixed with freshly 
prepared solution of 4% paraformaldehyde in 100 mM phos-
phate buffer (pH 7.4). Brains were then removed, post‑fixed in 
the same fixative overnight and transferred into a 30% sucrose 
solution for cryoprotection. Coronal sections (40‑µm thick) 
were made using a freezing microtome (Leica Microsystems 
Ltd., Nussloch, Germany).

Immunohistochemistry for 5‑HT and TPH. Immunohistochem‑ 
istry for 5‑HT‑ and TPH‑positive cells in the dorsal raphe 
nucleus was conducted as previously described  (28). The 
dorsal raphe nucleus spanning from Bregma ‑7.20 to ‑8.00 mm 
were obtained from each brain. To begin the procedure, the 
sections were incubated in PBS for 10 min and then washed 
three times in the same buffer. Sections were then incubated in 
1% hydrogen peroxide (H2O2) for 30 min. Next, the sections 
were incubated overnight with rabbit anti‑5‑HT (1:5,000; 
Immuno Star, Hudson, WI, USA) or mouse anti‑TPH anti-
bodies (1:1,000; Oncogene Research Products, Cambridge, 
UK). The sections were then incubated for 1 h with anti‑rabbit 
secondary antibody (1:200; Vector Laboratories, Burlingame, 
CA, USA) for 5‑HT immunohistochemistry or anti‑mouse 
secondary antibody (1:200; Vector Laboratories) for TPH 
immunohistochemistry. Next, the sections were incubated 
with avidin‑biotin‑peroxidase complex (1:100; Vector 
Laboratories) for 1 h at room temperature. For staining, the 
sections were incubated in a solution consisting of 0.02% 
3,3'‑diaminobenzidine tetrahydrochloride (DAB) and 0.03% 
H2O2 in 50 mM Tris‑HCl (pH 7.6) for ~5 min, following which 
they were washed with PBS and mounted onto gelatin‑coated 
slides. The number of 5‑HT‑ and TPH‑positive cells in the 
dorsal raphe nucleus of the selected sections were counted 
using a light microscope (Olympus, Tokyo, Japan).

Immunohistochemistry for c‑Fos and nNOS. Immunohisto‑ 
chemistry for c‑Fos‑ and nNOS‑positive cells in the 
hypothalamus (Bregma ‑1.80 to ‑1.92 mm) and locus coeru-
leus (Bregma ‑9.84 to ‑9.96 mm) was conducted as previously 
described  (13,32). To begin the procedure, sections were 
incubated in PBS for 10 min and then washed three times 
in the same buffer. The sections were then incubated in 1% 
H2O2 for 30 min. Next, sections were incubated overnight 
with rabbit anti‑c‑Fos (1:500; Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) or mouse anti‑nNOS antibodies (1:500; 
BD Biosciences, San Jose, CA, USA). The sections were then 
incubated for 1 h with anti‑rabbit secondary antibody (1:200; 
Vector Laboratories) for c‑Fos immunohistochemistry and with 
anti‑mouse secondary antibody (1:200; Vector Laboratories) 
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for nNOS immunohistochemistry. Next, sections were incu-
bated with avidin‑biotin‑peroxidase complex (1:100; Vector 
Laboratories) for 1 h at room temperature. For staining, the 
sections were incubated in a solution of 0.02% DAB and 0.03% 
H2O2 in 50 mM Tris‑HCl (pH 7.6) for ~5 min, washed with 
PBS and mounted onto gelatin‑coated slides. The numbers of 
c‑Fos and nNOS‑positive cells in the hypothalamus and locus 
coeruleus of the selected sections were counted using a light 
microscope (Olympus).

Statistical analysis. Results are presented as the mean ± SEM. 
Data were analyzed by one‑way analysis of variance, followed 
by Duncan's post‑hoc test using SPSS software (SPSS, 
Chicago, IL, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Effect of treadmill exercise on anxiety‑like behaviors. The 
effect of treadmill exercise on anxiety‑like behaviors is 
presented in Fig.  1. The percentage of time spent on the 
open and closed arms during the total 5‑min test were calcu-
lated. The open arm values were 46.47±8.20% in control, 
74.72±7.93% in control exercise, 6.90±4.09% in PTSD‑induced 
and 28.02±3.22% in the PTSD‑induced and exercise group. 
The decreased value obtained for the PTSD‑induced group 
compared with the control was found to be significant (P<0.05). 
By contrast, treadmill exercise increased the percentage of 
time spent in the open arms in the control and PTSD‑induced 
groups (P<0.05).

The percentage of time spent in the closed arms was 
39.97±8.04% in control, 11.57±6.27% in control exercise, 
76.55±5.64% in PTSD‑induced and 40.97±9.11% in the 
PTSD‑induced and exercise group. The time spent in the 
closed arms was identified to be significantly increased in the 
PTSD‑induced group compared with the control (P<0.05). 
By contrast, treadmill exercise was observed to significantly 
decrease the time spent in the closed arms in the control and 
PTSD‑induced groups (P<0.05).

Effect of treadmill exercise on 5‑HT and TPH expression in 
the dorsal raphe nucleus. Photomicrographs of 5‑HT‑ and 
TPH‑positive cells in the dorsal raphe nucleus are presented 
in Fig. 2. The number of 5‑HT‑positive cells was 180.50±6.93 
in control, 208.00±9.56 in control exercise, 320.00±16.26 in 

PTSD‑induced and 247.60±6.66 in the PTSD‑induced and 
exercise group. Expression of 5‑HT in the dorsal raphe nucleus 
was found to be significantly increased in the PTSD‑induced 
group compared with the control (P<0.05). Treadmill exercise 
suppressed 5‑HT expression in the dorsal raphe nucleus of 
the PTSD‑induced group (P<0.05). In normal rats, treadmill 
exercise slightly increased 5‑HT expression in the dorsal raphe 
nucleus (P<0.05).

The number of TPH‑positive cells was 262.00±15.46 in 
control, 339.50±11.55 in control exercise, 551.66±50.89 in 
PTSD‑induced and 402.00±15.74 in the PTSD‑induced and 
exercise group. TPH expression in the dorsal raphe nucleus 
was increased in the PTSD‑induced group compared with 
control (P<0.05). Treadmill exercise suppressed TPH expres-
sion in the dorsal raphe nucleus of the PTSD‑induced group 
(P<0.05). In normal rats, treadmill exercise slightly increased 
TPH expression in the dorsal raphe nucleus (P<0.05).

Effect of treadmill exercise on c‑Fos expression in the 
hypothalamus and locus coeruleus. Photomicrographs of 
c‑Fos‑positive cells in the hypothalamus and locus coeruleus 
are presented in Fig. 3. The number of c‑Fos‑positive cells in 
the hypothalamus was 111.37±16.35 in control, 113.50±8.15 
in control exercise, 170.00±8.47 in PTSD‑induced and 
117.75±20.16 in the PTSD‑induced and exercise group. 
c‑Fos expression in the hypothalamus was increased in 
the PTSD‑induced group compared with control (P<0.05). 
Treadmill exercise suppressed c‑Fos expression in the hypo-
thalamus of the PTSD‑induced group (P<0.05). In normal rats, 
treadmill exercise was identified to have no significant effect 
on c‑Fos expression in the hypothalamus.

The number of c‑Fos‑positive cells in the locus coeru-
leus was 35.58±5.30 in control, 56.40±6.33 in control 
exercise, 71.53±7.34 in PTSD‑induced and 37.78±5.96 in the 
PTSD‑induced and exercise group. c‑Fos expression in the 
locus coeruleus was increased in the PTSD‑induced group 
compared with the control (P<0.05). Treadmill exercise 
suppressed c‑Fos expression in the locus coeruleus of the 
PTSD‑induced group (P<0.05). In normal rats, treadmill 
exercise increased c‑Fos expression in the locus coeruleus 
(P<0.05).

Effect of treadmill exercise on nNOS expression in the 
hypothalamus and locus coeruleus. Data concerning the 
nNOS‑positive cells in the hypothalamus and locus coeruleus 

Figure 1. Effect of treadmill exercise on anxiety‑like behavior in the elevated plus maze test. (A) Control, (B) control exercise, (C) PTSD‑induced and 
(D) PTSD‑induced and exercise groups. *P<0.05, vs. control group. #P<0.05, vs. PTSD‑induced group. Values are the mean ± SEM. PTSD, post‑traumatic 
stress disorder.
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are presented in Fig. 4. The number of nNOS‑positive cells 
in the hypothalamus was 64.11±4.82 in control, 63.66±4.13 in 
control exercise, 103.64±4.17 in PTSD‑induced and 83.60±2.96 
in the PTSD‑induced and exercise group. nNOS expression 
in the hypothalamus was increased in the PTSD‑induced 
group compared with the control (P<0.05). Treadmill exer-
cise suppressed nNOS expression in the hypothalamus of 

the PTSD‑induced group (P<0.05). In normal rats, treadmill 
exercise was found to have no significant affect on nNOS 
expression in the hypothalamus.

The number of nNOS‑positive cells in the locus coeru-
leus was 64.11±4.82 in control, 63.66±4.13 in control 
exercise, 103.64±4.17 in PTSD‑induced and 83.60±2.96 in 
the PTSD‑induced and exercise group. nNOS expression 

Figure 2. Effect of treadmill exercise on 5‑HT and TPH expression in the dorsal raphe nucleus. Photomicrographs of (A-D) 5‑HT‑ and (F‑I) TPH‑positive cells 
in the dorsal raphe nucleus. Scale bars represent 250 µm. Quantification of the number of (E) 5‑HT‑ and (J) TPH‑positive cells in the dorsal raphe nucleus in 
each group. (A and F) Control, (B and G) control exercise, (C and H) PTSD‑induced and (D and I) PTSD‑induced and exercise groups. *P<0.05, vs. control 
group. #P<0.05, vs. PTSD‑induced group. Values are the mean ± SEM. 5‑HT, 5‑hydroxytryptamine; TPH, tryptophan hydroxylase; PTSD, post‑traumatic stress 
disorder.

Figure 3. Effect of treadmill exercise on c‑Fos‑positive cells in the hypothalamus and locus coeruleus. Photomicrographs of c‑Fos‑positive cells in the 
(A‑D) hypothalamus and (F‑I) locus coeruleus. Scale bars represent 50 µm. (E and J) Quantification of the number of c‑Fos‑positive cells in each group. 
(A and F) Control, (B and G) control exercise, (C and H) PTSD‑induced and (D and I) PTSD‑induced and exercise groups. *P<0.05, vs. control group. #P<0.05, 
vs. PTSD‑induced group. Values are the mean ± SEM. PTSD, post‑traumatic stress disorder.
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in the locus coeruleus was increased in the PTSD‑induced 
group compared with the control (P<0.05). Treadmill exer-
cise suppressed nNOS expression in the locus coeruleus of 
the PTSD‑induced group (P<0.05). In normal rats, treadmill 
exercise was identified to have no significant effect on nNOS 
expression in the locus coeruleus.

Discussion

Exercise is known to reduce symptoms of depression 
and anxiety  (25‑27). In a previous study, aerobic exercise 
was reported to reduce childhood PTSD, depression and 
anxiety (26). In addition, a study utilizing an animal model 
identified that wheel running reversed a long‑lasting interfer-
ence with shuttle box escape produced by uncontrollable 
stress (33). Other studies have documented the efficacy of 
aerobic exercise on depressive disorders to be comparable 
to antidepressant medication (25,27). In the present study, 
the anxiolytic effect of treadmill exercise on PTSD was 
investigated through analysis of 5‑HT, TPH, c‑Fos and nNOS 
expression levels in the brain.

PTSD is characterized mainly by symptoms of re‑expe-
riencing, avoidance and hyperarousal as a consequence of 
catastrophic and traumatic events that are distinguished from 
ordinary stressful life events. The EPM test is an uncondi-
tioned test for anxiety in rodents in which animals exposed 
to stress spend a reduced duration of time in the open arms 
of the test and increased time in the closed arms (30,31). In 
the present study, the rats in the PTSD‑induced group were 
observed to spend less time in the open arms and more time in 
the closed arms compared with the rats in the control group. 
These results indicate that exposure to the hunting dog during 
pregnancy induced PTSD in the maternal rats following 

delivery. Treadmill exercise significantly increased the time 
spent in the open arms and decreased the time spent in the 
closed arms in the PTSD‑induced group, demonstrating that 
treadmill exercise during pregnancy reduced the anxiety‑like 
behaviors of the PTSD‑induced maternal rats. Previously, 
treadmill running in rats was reported to reduce anxiety‑like 
behavior in the EPM test without a significant change in total 
activity in the open field test (34).

5‑HT neurons in the dorsal raphe nucleus have been 
implicated in the stress‑induced changes in behavior. The 
dorsal raphe nuclei are the major source of 5‑HT innerva-
tion of the forebrain and are critical for response to stress. 
5‑HT, as well as noradrenaline and γ‑aminobutyric acid, are 
important neurotransmitters implicated in anxiety (35). In 
a competitive study, losing male Syrian hamsters exhibited 
increased c‑Fos immunoreactivity in the dorsal raphe nucleus 
neurons compared with winners or controls, indicating that 
social stress activates 5‑HT neurons in the dorsal raphe 
nucleus, reduces 5‑HT1A autoreceptor‑mediated inhibition 
and induces hyperactivity of 5‑HT neurons (36). Inescapable 
shock and social defeat increased extracellular levels of 5‑HT 
within the dorsal raphe nucleus in rats (16). The number and 
density of serotonergic neurons was also found to be higher 
in suicide victims than controls (11). TPH is the rate‑limiting 
enzyme in serotonin production and its expression is used 
as an indicator of 5‑HT synthesis  (10). A previous study 
found that levels of TPH immunoreactivity were higher in 
suicides than controls in the dorsal raphe nucleus but were 
not identified to be different in the median raphe nucleus (10). 
The expression of the 5‑HT1A receptor in the dorsal raphe 
nucleus was increased following prolonged stress exposure, 
indicating that an increase in 5‑HT1A receptor levels in the 
dorsal raphe nucleus may be important in the pathogenesis 

Figure 4. Effect of treadmill exercise on nNOS‑positive cells in the hypothalamus and locus coeruleus. Photomicrographs of nNOS‑positive cells in the 
(A‑D) hypothalamus and (F‑I) locus coeruleus. Scale bars represent 50 µm. (E and J) Quantification of the number of nNOS‑positive cells in each group. 
(A and F) Control, (B and G) control exercise, (C and H) PTSD‑induced and (D and I) PTSD‑induced and exercise groups. *P<0.05, vs. control group. #P<0.05, 
vs. PTSD‑induced group. Values are the mean ± SEM. nNOS, neuronal nitric oxide synthase; PTSD, post‑traumatic stress disorder.
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of PTSD rats (37). Liu et al (38) reported that neuronal apop-
tosis by chronic stress induced PTSD, hypothesizing that the 
disease is associated with 5‑HT1A receptor activity. In the 
current study, the expression levels of 5‑HT and TPH were 
increased in the dorsal raphe nucleus of the PTSD‑induced 
rats, indicating that exposure to the predator during preg-
nancy caused stress, which led to PTSD in maternal rats 
following delivery. By contrast, treadmill exercise decreased 
the expression of 5‑HT and TPH in the dorsal raphe nuclei 
of the PTSD‑induced rats, indicating that treadmill exercise 
during pregnancy may alleviate the aforementioned stress. 
These observations are consistent with additional studies 
demonstrating that voluntary exercise reduces the incidence 
of stress‑related psychiatric disorders in humans and prevents 
serotonin‑dependent behavioral consequences of stress in 
rodents (39).

The primary component of the stress response is the acti-
vation of the hypothalamic‑pituitary‑adrenal axis. This axis is 
a feedback loop containing a complex set of direct effects and 
feedback interactions between the hypothalamus, pituitary 
and adrenal glands. The hypothalamic paraventricular nucleus 
receives direct and indirect inputs from the hippocampus and 
amygdala and is central to orchestration of the physiological 
response to stress (40,41).

c‑Fos expression has been used to map the pattern of neural 
activation following either a single or repeated exposure of 
aggressive interaction (14,15,42). Expression of c‑Fos following 
stress is highly region‑specific, including the paraventricular 
nucleus and locus coeruleus, and is involved in adaptation 
to social stress (14). Noise‑induced c‑Fos mRNA expression 
in the paraventricular nucleus has been markedly correlated 
with levels of plasma adrenocorticotropin hormone  (43). 
c‑Fos expression in the paraventricular nucleus and locus 
coeruleus is increased by single restraint and these increments 
are attenuated by repeated restraint stress  (44). Restraint 
stress enhances c‑Fos expression in neurons of the paraven-
tricular nucleus, locus coeruleus, supraoptic nucleus, rostral 
raphe pallidus, nucleus of the solitary tract and ventrolateral 
medulla (45). In the current study, expression of c‑Fos in the 
hypothalamic paraventricular nucleus and locus‑related stress 
during pregnancy led to neuronal activation in stress‑related 
areas of the brain. By contrast, treadmill exercise decreased 
the expression of c‑Fos in the PTSD‑induced rats, indicating 
that treadmill exercise during pregnancy suppressed neuronal 
activation induced by the stress exposure. These results are 
consistent with previous observations that uncontrollable 
stress increased c‑Fos expression in the dorsal raphe nucleus 
and wheel running attenuated uncontrollable stress‑induced 
c‑Fos expression in the dorsal raphe nucleus (39).

A number of studies have indicated that NOS is involved 
in anxiety‑related behaviors (46,47). nNOS overexpression 
in the hippocampus is essential for chronic stress‑induced 
depression and inhibition of nNOS signaling in the brain may 
represent a novel approach for the treatment of depressive 
disorders (48). Inhibition of nNOS was previously reported 
to prevent N‑methyl‑D‑aspartate receptor activation‑induced 
anxiogenic‑like effect in mice  (46). In the present study, 
expression of NOS in the hypothalamic paraventricular 
nucleus and locus coeruleus were increased in PTSD‑induced 
rats, demonstrating that exposure to the hunting dog during 

pregnancy induced anxiety in the maternal rats following 
delivery. By contrast, treadmill exercise decreased the expres-
sion of NOS in PTSD‑induced rats, indicating that treadmill 
exercise during pregnancy evoked an anxiolytic effect against 
stress exposure. Workman et al (47) demonstrated that nNOS 
inhibition reduced anxiety‑like responses, concluding that NO 
may be important for mediating the effects of social interac-
tions on anxiety.

In conclusion, exposure to a predator during pregnancy 
induced anxiety‑like behaviors with enhancement of 
anxiety‑related neurochemical parameters, including 5‑HT, 
TPH, c‑Fos and nNOS, in the brains of maternal rats following 
delivery. Treadmill exercise during pregnancy had an anxio-
lytic effect that alleviated the anxiety‑induced increase of 
5‑HT, TPH, c‑Fos and nNOS expression in the brain of the 
maternal rats. The present results are consistent with the 
hypothesis that exercise during pregnancy may be suitable 
as a therapeutic strategy to reduce anxiety‑related disorders, 
including PTSD.
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