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Chronic exercise improves repeated restraint stress-induced anxiety and depression
through SHT1A receptor and cAMP signaling in hippocampus
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[Purpose] Mood disorders such as anxiety and depression are prevalent psychiatric illness, but the role of SHT1A in the anti-depressive
effects of exercise has been rarely known yet. We investigated whether long-term exercise affected a depressive-like behavior
and a hippocampal SHT1A receptor-mediated cAMP/PKA/CREB signaling in depression mice model. [Methods] To induce depressive
behaviors, mice were subjected to 14 consecutive days of restraint stress (2 hours/day). Depression-like behaviors were measured
by forced swimming test (TST), and anxiety-like behavior was assessed by elevated plus maze (EPM). Treadmill exercise was
performed with 19 m/min for 60 min/day, 5 days/week from weeks 0 to 8. Restraint stress was started at week 6 week and
ended at week 8. To elucidate the role of SHT1A in depression, the immunoreactivities of SHT1A were detected in hippocampus
using immunohistochemical technique. [Results] Chronic/repeated restraint stress induced behavioral anxiety and depression, such
as reduced time and entries in open arms in EPM and enhanced immobility time in FST. These anxiety and depressive behaviors
were ameliorated by chronic exercise. Also, these behavioral changes were concurrent with the deficit of SHT1A and cAMP/PKA/CREB
cascade in hippocampus, which was coped with chronic exercise. [Conclusion] These results suggest that chronic exercise may
improve the disturbance of hippocampal SHT1A-regulated cAMP/PKA/CREB signaling in a depressed brain, thereby exerting an

antidepressive action. [Keyword] depression; restraint, chronic exercise; SHT1A, cAMP

INTRODUCTION

Depression is a heterogeneous mood-related disorder and
is known to be implicated in neurotransmitter and neuro-
hormonal pathways, although the mechanism underlying the
pathogenesis of depression has been poorly understood yet.
Recently, the development of animal models offers an insight
into a cue to find the mechanism involved in onset and
development of depressive disorder.

Chronic stress is a risk factor for mood- and psychiatry-
related disorders, such as depression and anxiety [1-2].
Aberrant adaptive responses to stress causes the dysregulation
of hypothalamic-pituitary-adrenal (HPA) axis and the persistent
hyperactivity of mesolimbic reward pathway, thereby leading
to psychosomatic illnesses such as depression [3-5].

Serotonin (5-hydroxytryptamine; SHT) as one of various
monoamine neurotransmitters participates in the pathogenesis
of anxiety and depression through its receptors [8-10]. Of 14

SHT receptor subtypes, SHT1A receptor is affiliated to the
superfamily of G-protein coupled receptors (GPCRs), which
is negatively coupled to the cyclic adenosine-3’,5’-monopho-
sphate (cAMP) production [11-12]. The postsynaptic SHT1A
receptor exits at high density in the mesiotemporal cortex,
including hippocampus, orbitofrontal cortex and anterior
cingulate cortex, while the presynaptic receptor (autoreceptor)
is mainly present in dorsal and medial raphe nuclei [9,13-14].
Several studies revealed the hippocampal deficit of SHT1A
receptor in depressed patients and suicidal subjects [9,15-16]
and in chronic stress-induced psychiatric disorder animal
models [17-19]. More recently, hippocampal glucocorticoid
receptor (GR), brain-derived neurotrophic factor (BDNF) and
SHTIA mRNA were significantly reduced, simultaneously
with depression-like behavior in early life stress-experienced
rats by prolonged maternal separation [10]. Furthermore, most
antidepressants such as fluoxentine augment synaptic serotonin
tone by inhibiting SHT reuptake. Long-term antidepressants
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treatment enhanced the postsynaptic SHT1A receptor-modulated
transmission in hippocampus [20]. As mentioned above, the
role of SHT1A receptor in the hippocampal serotonin-mediated
neural adaptation is considered to be closely linked to
depressive behavior and antidepressant response.

Physical activity such as exercise has been well-established
to exert an antidepressive action and to have a beneficial effect
on emotional health [21-22]. Some studies reported that brain
serotonin levels were enhanced by exercise [23-25]. Recently,
a study reported that hippocampal SHT1A receptor mRNA
levels of rats subjected to maternal separation were reduced,
which was reversed by long-term wheel running treatment,
suggesting that the reduced SHT1A receptor levels of
hippocampus in a depressed brain might increase by chronic
exercise [10]. Although SHT1A receptor is a well-known target
for serotonin-mediated neuronal response, the relationship
between chronic exercise and SHT1A receptor-mediated neuronal
adaptation remains to be elucidated.

Accordingly, we investigated whether long-term exercise
could ameliorate a depressive phenotype through a hippo-
campal SHT1A receptor-mediated cAMP cascade in stress-
related insulted mice models for depression.

METHODS

Experimental mice

Seven weeks old male C57BL/6J mice were obtained from
Daehan Biolink, Inc. (Eumsung, Chungbuk, Korea) and
housed in clear plastic cages under specified pathogen-free
conditions and light-dark cycles of 12/12 hours (lights on at
0600 and off at 1800). All mice had free access to standard
irradiated chow (Purina Mills, Seoul, Korea). All animal
procedures were approved by the Animal Care and Use
Committee of Dankook University, (Cheonan-si, Korea).

Experimental design

The mice were divided into 3 groups (control: CON,
restraint stress: RST, exercise combined with restraint stress
group: RST+ Ex; 10-12 mice per group). We employed our
previously described exercise protocol [26]. Briefly, treadmill
exercise (Myung Jin Instruments Co., Seoul, Korea) was
performed with 19 m/min for 60 min/day, 5 days/week from
week 0 to week 8. Treadmill running was administrated at
set times at 1800. To induce restraint stress, 8-week-old mice
were individually placed into a well-ventilated 50-mL conical
tube that prevented forward or backward movement. Restraint
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Fig. 1. Experimental design and serum corticosterone levels. (A) Experimental
design. (B) Quantitative analysis of serum corticosterone levels.

Corticosterone concentration (ng/mL)

stress was delivered at set times from 1000 to 1200 for 2
hours. Control mice remained undisturbed in their home
cages. This was repeated for 14 days unless otherwise indicated.
Mice were subjected to restraint stress from 1000 to 1200
for 2 hours, followed by exercise intervention 6 hours later.
Restraint stress was started at week 6 and ended at week 8
week (Fig. 1A).

Behavioral assessment

To measure the degree of anxiety-like behavior, elevated
plus maze (EPM) was conducted using an apparatus consis-
ting of four arms (30 x 7 cm each) produced with black
Plexiglas. The apparatus was elevated 50 cm above the
bottom. Two of the arms had 20 cm high walls (enclosed
arms) and the others had no walls (open arms). The mice
were initially placed at the center of the platform and left
to challenge the arms for 5 minutes. The number of entries
and the time spent in open arms were scored.

To measure the despair value by a forced swim test (FST),
mice were individually placed in an acryl cylinder ((©)100
x (h)250 mm) containing water (23 +1 C) with a depth of
15 cm from the bottom. All mice were exposed to the pre-test
on day 1 for 15 minutes. After 24 hours were the mice forced
to swim and the immobility time was measured without
swimming and climbing time via video recording for 6
minutes. The measurement started after the removal of the
first minute. KH: Please check if the content is still the same.

Corticosterone measurements
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Blood was collected from the vena hypogastrica after
anesthetization with pentobarbital (40 mg/kg). Blood samples
were centrifuged at 1000 x g for 15 minutes to obtain serum.
Corticosterone levels of serum were measured using enzyme
immunoassay kits (Cayman Chemical, Ann Arbor, MI, USA).

cAMP measurements

Hippocampal cyclic AMP contents were evaluated using
Elite™ cAMP ELISA Assay Kit (eEnzyme, Montgomery Village,
MD, USA). Extracted supernatants in each sample were
loaded into Elite™ cAMP ELISA Assay Kit plates and each
procedure was performed according to the manufacturer’s
instructions. After color development, absorbance was measured
at Ex/Em = 540/590 nm with fluorescence reader (Bio-Rad,
CA, USA).

Western blot analysis

Protein samples (50 1g) were electrophoretically separated
on 10% polyacrylamide gels, transferred to nitrocellulose
membranes (Amersham Bioscience, Buckinghamshire, UK),
and incubated with primary antibody in a blocking buffer at
room temperature overnight. At the next day, they were
washed in a washing buffer and incubated with horseradish
peroxidase-conjugated secondary antibody for 2 hours at room
temperature. The optical density of each band was measured
using SCION program (NIH Image Engineering, Bethesda,
MD, USA).

Anti-phospho-cAMP  response element-binding protein
(CREB), anti-phospho-PKAaq, and anti-a-tubulin antibodies
were obtained from Cell Signaling Tech. Inc. (Danvers, MA,
USA).

Immunohistochemistry

Mice were perfused through the left cardiac ventricle with
100 mM phosphate buffer (pH 7.4), followed by 40 mL of
cold 4% paraformaldehyde in 100 mM phosphate buffer. After
perfusion, the brains were quickly removed, fixed for 18 hours
with the same fixative at 4°C, and subsequently transferred
to 10, 20 and 30% sucrose solutions. Finally, 30 pum-thick
sections were prepared using a vibratome (Leica, Wetzlar,
Germany). Free-floating sections were treated with 0.3%
hydrogen peroxide (H20,) in 100 mM phosphate-buffered
saline (PBS) containing 0.3% Triton X-100 for 30 minutes
and nonspecific protein binding was blocked by incubation
with 3% normal goat serum in PBS for 1 hour. Sections were
incubated with anti-SHT1A primary antibodies (Abcam,

Cambridge, MA, USA) at 4°C overnight. Primary antibodies
were reacted with biotinylated secondary antibodies diluted
1:250 in PBS blocking buffer and visualized by the ABC
method (ABC Elite kit, Vector Laboratories; Burlingame, CA,
USA) and the sections were mounted. The stained cells were
assessed with photo images (at x100) using Image J program
(NIH Image Engineering, Bethesda, MD).

Statistical analysis

Significant differences among the groups were determined
using the one-way analysis of variance (SPSS for Windows,
version 18.0, Chicago, IL, USA). Post-hoc comparisons were
made using Student-Newman-Keuls tests. All values are
reported as mean + standard deviation. Statistical significance
was set at p <0.05.

RESULTS

Serum corticosterone levels were markedly enhanced
regardless of exercise by restraint stress exposure.

To investigate whether chronic exercise ameliorates depressive
phenotype during 14 consecutive days of restraint stress, mice
were subjected to treadmill running for 8 weeks. Anxiety
levels were measured by EPM 2 days after the last restraint
stress and depressive values were determined 14 days after
the last restraint stress using FST (Fig. 1A).

To elucidate the role of serum corticosterone in the
regulation of mood-related behaviors, serum corticosterone
levels were measured immediately after the last restraint
stress.

The hormone contents of restrained mice (269.80 +29.8
ng/mL) were comparable to that of mice restrained with
exercise (274.1 + 18.4 ng/mL), although that of both 2 groups
significantly increased relative to that of control (86.1 +12.7
ng/mL, p<0.01) (Fig. 1B).

Chronic exercise mitigated repeated restraint stress-
induced anxiety-like and depression-like behavior.

To investigate whether repeated restraint stress provoked
anxiety-like and depression-like behavior and whether mice
subjected to chronic exercise overcame restraint stress-
induced anxiety and depression in our experimental paradigm,
we measured anxiety degree and despair value assessed by
EPM and FST. As shown in Fig. 2A, the time spent in open
arms and the entry into open arms of restrained mice was
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Fig. 2. Chronic exercise mitigated repeated restraint stress-induced
anxiety-like and depression-like behavior.(A) Quantitative analysis of time
in open arms in EPM. (B) Quantitative analysis of entry in open arms in
EPM. (C) Quantitative analysis of immobility time in FST. Data are
presented as mean + SD (n=10-12 animals). * and ** denote differences
at p<0.05 and p<0.01, respectively.
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Fig. 3. Chronic exercise coped with repeated restraint stress-induced
decrease of hippocampal CAl1 SHTI1A receptor, but not CA3. (A)
Photomicrographs showing CAl 5HT1A" immunoreactivity (a, Control; b,
Restraint; ¢, Restraint with exercise; d, Quantitative analysis of CAl
5HT1A" immunoreactivity). (B) Photomicrographs showing CA3 5SHT1A"
immunoreactivity (a, Control; b, Restraint; ¢, Restraint with exercise; d,
Quantitative analysis CA3 SHT1A" immunoreactivity). Data are presented
as mean = SD (n=10-12 animals). * and ** denote differences at p <0.05
and p <0.01, respectively.

significantly reduced compared to that of control mice (p <
0.01), which was reversed by chronic exercise (p <0.05).
Consistently, the immobility time of restrained mice profo-
undly increased compared to that of control mice (p <0.01),
whereas the enhanced immobility time was conversely
reduced by chronic exercise (p <0.01) (Fig. 2B).

Chronic exercise coped with repeated restraint stress-
induced the decrease of hippocampal CAl SHTIA receptor,
but not CA3.

Given that chronic exercise mitigates a repeated restraint
stress-provoked anxious and depressive phenotype, we
assessed the hippocampal SHT1A receptor between groups
using immunohistochemical analysis. As shown in Fig. 3A,
the immunohistochemistry of anti-SHT1A antibodies revealed
that the immunoreactivities of SHT1A receptor in hippo-
campal CAl of restrained mice were notably reduced
compared to that of control mice (p<0.01), whereas the
reduced immunoreactivities were conversely enhanced by
chronic exercise (p <0.05). On the other hand, this change
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Fig. 4. Chronic exercise restored repeated restraint stress-induced deficit
of cAMP/PKA/CREB cascade in hippocampus. (A) Quantitative analysis
of hippocampal cAMP contents. (B) Photomicrographs showing phospho-
CREB and phospho-PKAa immunoreactivity. (a, Western blotting for
phospho-CREB and phospho-PKAa; b, Quantitative analysis of phospho-
CREB and phospho-PKAa). Data are presented as mean =+ SD (n=10-12
animals). * and ** denote differences at p<0.05 and p <0.01, respectively.
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of SHT1A receptor was not observed in hippocampal CA3
(Fig. 3B).

Chronic exercise restored the repeated restraint stress-
induced deficit of cAMP/PKA/CREB cascade in hippocampus.

To investigate the relationship between SHT1A receptor and
cAMP/PKA/CREB signaling that are involved in the
BDNF-mediated antidepressive action in hippocampus, we
conducted a fluorometric analysis for cAMP measurement and
western blotting with antibodies which recognized phospho-
PKAa and phospho-CREB. Hippocampal cAMP contents in
restrained mice (14.85+1.02 pmoles/mg tissue) were
profoundly reduced compared to that of control mice (26.55
+2.56 pmoles/mg tissue) (p <0.01), which was reversed by
chronic exercise (21.35=+1.84 pmoles/mg tissue) (p <0.05)
(Fig. 4A). Consistently, hippocampal phospho-PKA and
phospho-CREB levels in depressed brains significantly
decreased (p <0.01), whereas reduced in those that were
conversely augmented by chronic exercise (p <0.05) (Fig. 4B).

DISCUSSION

The present study delineated that the 14 consecutive days
of restraint stress produced anxiety-like and depression-like
behaviors and the deficit of hippocampal CAl SHTIA
receptor, concomitant with the disturbance of cAMP/PKA/
CREB signaling. These behavioral and cellular episodes were
overcome by chronic exercise.

Chronic stress is known to be implicated in the pathogenesis
of psychiatric disorders, such as depression and anxiety [1-2].
In depression animal models, chronic restraint stress insult
was an appropriate paradigm for psychiatric-related illnesses
in rodents because of the effective induction of anxiety and
depressive phenotype, which were reversed by antidepressant
treatment [6-7]. The previous studies were consistent with this
notion, namely that our repeated restraint stress paradigm
(2h/14d) was a valid mice model for depression.

First, to prove anxiolytic and antidepressive effects of
exercise, we verified whether chronic exercise coped with
repeated restraint stress-induced psychiatric insults such as
anxiety and depression in our experimental paradigm. Chronic
exercise alleviated restraint stress-produced anxiety-like and
depression-like behavior respectively measured by EPM and
FST. The previously documented studies about the beneficial
effects of exercise on mood- and psychosomatic-related disorders
support our result that chronic exercise exerts an anxiolytic
and antidepressive effect on repeated restraint stress-induced

anxiety and depressive phenotypes [21-22].

These behavioral changes were coincided with that in
hippocampal CAl SHTI1A receptors in our experimental
paradigm. The role of SHT receptors in regulating anxiety
and depression is well-established [8,27-28]. Especially,
SHT1A receptor has been considered as an attractive target
for anxiolytic and antidepressive strategies due to a well-
known serotonin response. SHT1A receptor is one of the SHT
receptor subtypes and is negatively coupled to adenylyl
cyclase. The somatodendritic SHT1A autoreceptor is located
on the serotonergic neuron in dorsal and medial raphe nuclei,
which activation results in the decline of the firing rate of
SHT neurons and the blockage of SHT synthesis and releases
into projection regions [14,29-30]. Postsynaptic SHT1A is
present in limbic structures such as hippocampus, which
activation decreases the firing rate of postsynaptic cells [9,13,
31]. Several studies reported that an antidepressant treatment
produced tonic activation of postsynaptic SHT1A receptors
and SHT1A knockout mice which typically produced beha-
vioral anxiety have been a useful model for anxiety-related
disorders [14,20,32]. Also, a reduced postsynaptic SHT1A
receptor in the hippocampus was revealed in depressed
subjects and depression animal models [9-10,15-19]. Studies
reported above were in line with our result that a repeated
restraint stress induced the deficit of postsynaptic SHT1A
receptors in hippocampus along with behavioral anxiety and
depression. A positive correlation between the deficit of
postsynaptic SHT1A and a depressive phenotype is probably
attributed to a repeated restraint stress-induced presynaptic
SHT1A receptor activation and postsynaptic plasticity alteration.
The former may be explained thereby that repeated restraint
stress activates somatodendritic SHT1A autoreceptors and
then reduces the firing rate of SHT neurons and the release
into the projection region such as hippocampus, thereby
decreasing SHT tonic and extracellular serotonin concen-
tration in hippocampus. In the latter, the repeated restraint
stress may induce a persistent corticosterone elevation-
modulated reduction of synaptic plasticity. On the other hand,
chronic exercise is likely to induce SHT-mediated desensi-
tization of SHT1A autoreceptor, thereby causing a recovery
of the firing rate of SHT neuron in raphe nuclei that increase
the postsynaptic tone and extracellular contents of SHT in
the projection area such as in hippocampus. This possible
mechanism of antidepressive effects of chronic exercise is
supported by previously published articles. Serotonin-
enhancing antidepressants augment synaptic serotonin tone by
presynaptic SHT1A autoreceptor desensitization of SHT
neuron in raphe nuclei through inhibiting SHT reuptake
[33-34]. A long-term treatment with antidepressants enhanced
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the postsynaptic SHT1A receptor-modulated transmission in
hippocampus [20]. Also, physical activity such as exercise
is known to enhance brain serotonin levels [23-24].

We examined if chronic exercise elevated hippocampal SHT
tone via SHT1A receptor desensitization. Thus, we inves-
tigated the change of SHT-regulated cAMP/PKA/CREB
cascade in the hippocampus. cAMP/PKA/CREB cascade is
well-known to be regulated by serotonin and norepinephrine,
and chronic antidepressant treatment up-regulates cAMP
signal transduction and PKA activity in brain [35-36]. Several
studies demonstrated that hippocampal CREB-dependent BDNF
expression was deeply linked to chronic stress and psychiatric
disorders including depression [37-38]. Our western blotting
data revealed that reduced cAMP contents, phospho-PKA and
phospho-CREB levels in the hippocampus of a depressed
brain were conversely enhanced by chronic exercise. We
previously reported that the 21 consecutive days of restraint
stress reduced hippocampal phospho-CREB and BDNF levels
and were restored by chronic exercise [39]. Other results
reported that hippocampal BDNF and SHT1A mRNA levels
decreased by prolonged maternal separation, which was
reversed, concurrent with an antidepressive behavior by exercise
[10]. Also, an exercise-induced hippocampal brain-derived
neurotrophic factor (BDNF) elevation was proved to be
CREB-dependent using CREB repressor mutant mice [40].
These results support at least in part our result that chronic
exercise improves hippocampal cAMP/PKA/CREB signaling.

Taken together, a repeated restraint stress caused the deficit
of SHT1A receptor and SHT-mediated cAMP/PKA/CREB
cascade in hippocampus, thereby producing behavioral anxiety
and depression. These behavioral and cellular episodes were
reversed by chronic exercise. Accordingly, our findings may
provide a better understanding about the role of hippocampal
SHTI1A receptor-regulated cAMP signaling in a depressive
phenotype and the antidepressive effects of chronic exercise.

CONCLUSION

The current study demonstrated that chronic exercise
ameliorated repeated restraint stress-provoked anxiety and
depression-like behaviors through the restored SHT1A receptor-
mediated cAMP/PKA/CREB signal transduction in the
hippocampal CA1 sub-region. Our results suggest that the
antidepressive effects of chronic exercise may be attributed
at least in part to the hippocampal SHT1A receptor-modulated
cAMP signal cascade.
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