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Abstract

Post-Traumatic Stress Disorder (PTSD) is a stress-related mental disorder caused by traumatic
experience, with symptoms such as intrusive memories, hyperarousal, and avoidance, which endure for
years. Single-Prolonged Stress (SPS) is an animal model proposed for PTSD. Rats exposed to SPS
showed enhanced Hypothalamic-Pituitary-Adrenal (HPA) axis inhibition, which has been reliably
reproduced in PTSD patients, and increased Glucocorticoid Receptor (GR) expression in the
hippocampus. We aimed to elucidate whether chewing improved stress-induced fear responses and
anxiety behaviours along with ameliorating feedback inhibition of HPA responses. SPS rats were
subjected to restraint stress by immobilization for 2 h before forced swimming and ether anaesthesia
exposure. SPS with chewing (SC) group were allowed to chew on a wooden stick during the latter half of
the immobilization period, whereas the stress without chewing (ST) group were not allowed to do so.
Fear response and anxiety behaviour were significantly increased in the ST group compared with the SC
group. Further, we found significantly reduced field Excitatory Postsynaptic Potentials (EPSPs) in the
CA1 region of the hippocampus in the ST group compared with control and SC groups. The results
suggest that chewing is a behavioural mechanism to cope with PTSD.
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Introduction
It has been reported that decreased masticatory function caused
by loss of molars, tooth attrition, or long-term intake of soft
foods leads to impaired learning and memory processes and
inhibits the negative-feedback response by the down regulation
of Glucocorticoid Receptor (GR) protein and mRNA
expression in the hippocampus [1-8]. Chewing improves
stress-induced suppression of spatial memory along with
increased hippocampal GR expression [9]. Post-Traumatic
Stress Disorder (PTSD) is a stress-related mental disorder
caused by experiencing traumatic events [10] and presents with
characteristic symptoms, including intrusive memories
(flashback), hyperarousal, and avoidance. The clinical
pathophysiology of PTSD in patients involves multiple brain
systems, such as disturbances of the autonomic nervous system
and the Hypothalamic-Pituitary-Adrenal (HPA) axis [10-13].
The Single-Prolonged Stress (SPS) model produces a core
symptom of PTSD, the enhanced fear response to the traumatic
cue. This investigative tool is typically used for PTSD studies.
A rat model involving SPS has been developed and employed
for PTSD research [14,15]. The rats exposed to SPS show
enhanced inhibition of the HPA system. The expression level

of GR was significantly increased in the hippocampi of SPS
rats, which could explain the potentiated feedback inhibition of
the HPA response [16].

Chewing has been shown to alter HPA axis function and
improve the ability to cope with stress in rodents [9]. The aim
of this study was to test the hypothesis that chewing improves
stress-induced fear response and anxiety behaviour while
ameliorating feedback inhibition of the HPA responses.

Materials and Methods

Single prolonged stress (SPS) paradigm
Male Sprague-Dawley rats aged 10 weeks (Nihon SLC,
Shizuoka, Japan) and weighing 300-330 g were used. The rats
were group-housed (four/cage) in a room maintained under
controlled light conditions (12:12 h light: dark cycle) and
temperature (22°C ± 3°C). They had free access to food pellets
and tap water. The experimental protocol was reviewed and
approved by the Committee on Ethics on Animal Experiments
of Kanagawa Dental College. SPS rats were prepared
independently for each experiment to prevent carryover effects
due to multiple behavioural tests. After the acclimation period,
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the rats were exposed to SPS followed by 20 m forced
swimming (25°C) and exposure to ether anaesthesia [17]. The
rats were then returned to their home cage and left undisturbed
until the experimental manipulations.

Immobilization and chewing condition during SPS
The Control (CT) rats were not immobilized, but the rats in
SPS-without chewing (ST) and SPS-with chewing (SC) groups
were immobilized according to a well-established protocol
[18,19] before the 20 m forced swimming and exposure to
anaesthesia. Restraint stress was induced by securing each rat
to a wooden board in the supine position using a leather belt,
and all four legs were fixed at a 45° angle to the body midline
using adhesive tape. The ST rats were maintained in this
position for 2 h, whereas the SC rats were allowed to chew on
a wooden stick during the latter half of the immobilization
period. Every rat in group SC responded to the wooden stick
by chewing on it with a rapid and repetitive sequence of jaw
opening and closing movements for at least two-thirds of the
total the chewing period.

Dexamethasone (Dex) suppression test (DST) and
measurement of plasma corticosterone
One week after SPS, Dex (0.05 mg/kg; Sigma, St. Louis, MO,
USA) or vehicle (saline containing 5% ethanol) was
administered subcutaneously 2 h prior to the second stress
exposure (30 m restrain). Each animal was restrained as
described above and blood samples were collected from the tail
vein at 0 and 30 m after the beginning of the second restraint
period. The concentration of the plasma corticosterone was
determined with an enzyme immunoassay kit (Diagnostic
System Laboratories Webster, TX, USA).

Behavioural studies
Measurement of spontaneous locomotors activity: Seven
days after SPS, the rats were placed at the center of a cubic
chamber (650 W × 650 H × 450 D mm). The total distance
travelled by the animal in 15 min was measured by an
automated analysing system (Topscan, CleverSys, Inc., Reston,
VA, USA). All animals were habituated to the testing room for
20 min before the start of the session. The test room was dimly
illuminated with indirect white lighting, as rats are nocturnal
and their natural exploratory behaviour is hindered in well-
illuminated conditions.

Elevated plus maze (EPM): Seven days after SPS, the rat was
placed in the center of the EPM facing an open arm and
allowed to explore the maze for 5 min under the constant
surveillance of a video camera. The EPM consisted of two
open and two closed arms (1 m in length) constructed from
steady black Perspex and raised approximately 60 cm off the
floor. Two of the opposing arms (50 cm × 10 cm) were
enclosed by 40 cm high side and end walls (closed arms),
whereas the other two arms had no walls (open arms). The
degree of aversive behaviour was determined by calculating
the ratio of the time spent in the open arms relative to the total

time in both arms; excluding the time spend in the central
square.

Contextual fear paradigm (CF): The Contextual Fear
paradigm (CF) was conducted 7 days after SPS. On the first
day, each rat was exposed to the conditioning context (180 s, in
the conditioning chamber (325 W × 280 H × 500 D mm)
without any stimulation). Immediately after, a footshock (0.8
mA, 4 s) was delivered through a stainless steel grid floor by a
shock generator scrambler (SGS-003; Muromachi, Tokyo,
Japan). After the footshock, the rat was immediately
transferred to its home cage. Twenty-four hours after the initial
footshock, the rat was placed in the conditioning chamber
where it had previously received the footshock, and the
contextual fear response was evaluated by measuring the
duration of freezing behaviour during 180 s. Freezing was
defined as the total absence of body or head movement except
for breathing. Freezing behaviour was recorded using a video
recorder, and later scored blindly by the experimenter. Fear
was quantified as the amount of time spent freezing.

Electrophysiology
We anesthetized the rats at 7 days after SPS, decapitated them,
quickly removed their brains, and chilled them in Artificial
Cerebrospinal Fluid (ACSF). We dissected the hippocampi,
embedded them in agar blocks for slicing, cut transverse
sections (450 μm in thickness) with a vibrating tissue slicer
(Dosaka, Kyoto, Japan), and transferred them to a holding
chamber at room temperature (25°C). We allowed the slices to
recover for at least 60 min and then transferred them to an
immersion-type recording chamber perfused at 1 ml/min with
ACSF containing 0.1 mM picrotoxin (Sigma-Aldrich, Tokyo,
Japan) at room temperature. To prevent epileptiform discharges
in pyramidal neurons, we made a cut at the border between the
CA1 and CA3 areas. A glass pipette filled with 3 M NaCl
(sodium chloride) and positioned in the stratum radiatum of the
CA1 area recorded the field Excitatory Postsynaptic Potential
(fEPSP). Bipolar stainless-steel electrodes (World Precision
Instruments, Sarasota, FL, USA) placed in the stratum
radiatum on opposite sides of the recording pipette stimulated
the Schaffer collateral branches. We adjusted the intensity of
fEPSP in the baseline period to around 30% of the maximal
response and then recorded stable baselines fEPSP activity by
applying a 40 μs voltage pulse at the determined intensity
every 30 s for at least 10 min. Tetanic stimulation (1 s, 100
Hz), applied nine times at intervals of 90 s, induced Long-Term
Potentiation (LTP). All signals were filtered at 2 kHz using a
low-pass Bessel filter and digitized at 5 kHz using a
MultiClamp 700A interface running pCLAMP software (Axon
Instruments, Union City, CA, USA). We measured the initial
slopes of the fEPSP and normalized them to the average of the
baseline values. The average size of the slopes of the fEPSPs
recorded between 30 and 40 min after the end of the tetanic
stimulation provided the basis for our statistical comparisons.
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Statistical analysis
The plasma corticosterone levels were compared using t-tests.
All other comparisons were done using one-way Analysis of
Variance (ANOVA), followed by post hoc Tukey-Kramer test.
All statistical analyses were conducted using Statcel software,
version III.

Results

Plasma corticosterone levels in the SPS model rats
One week after the exposure to SPS, the rats were given Dex
or vehicle 2 h prior to the second stress of 30 m restraining.
Dex-induced inhibition of the plasma corticosterone increase
was significantly potentiated in the SPS rats compared with the
non-stressed rats (P=0.002, n=6 for each group). The others
groups showed no significant differences (Figure 1).

Figure 1. Enhancement of Hypothalamic–Pituitary–Adrenal (HPA)
axis inhibition in dexamethasone (dex) suppression test. The plasma
corticosterone levels are significantly suppressed by Dex in SPS rats
compared with control rats. The results represent the mean score ±
SEM (n=6 for each group). *P<0.05.

Spontaneous locomotor activity
In the open field test for 15 min, the baseline locomotor
activity was comparable among the groups (F (2, 6)=0.165,
P>0.05; post hoc: P>0.05 for CT (27,534 mm, n=3), ST
(25,036 mm, n=3), and SC groups (25,453 mm, n=3)) (Figure
2).

Figure 2. Spontaneous activity in open field. There are no significant
differences between the Control (CT), SPS-without chewing (ST), and
SPS with chewing (SC) groups. The results represent the mean score
± SEM (n=3 for each group).

Effect of the chewing in SPS model on the EPM
In the percent time spent in the open arms, the time spent by
the ST group (12.9%, n=12) was significantly lower than that
of the CT (37.1%, n=12) and SC groups (34.5%, n=12) (F (2,
33)=4.764, P<0.05; post hoc: P<0.05 for ST group vs. CT
group and ST group vs. SC group)). The CT and SC groups
showed no significant differences in the percent time spent
(Figure 3).

Figure 3. Comparison of percent time spent in open arms (OA time
(%)) in elevated plus maze (EPM). The OA (%) time in the ST group
is significantly lower than that in the CT and SC groups. The results
represent the mean score ± SEM (n=12 for each group). *P<0.05.

Effect of the chewing in SPS model on the contextual
fear response
Followed by a one-week undisturbed period after SPS, the ST
group (121.7 s, n=22) exhibited significant increase in the
contextual freezing response compared with the CT (68.1 s,
n=22) and SC (87.0 s, n=22) groups (F (2, 63)=8.532, P<0.01;
post hoc: P<0.05 for ST group vs. CT group, P<0.01 for ST
group vs. SC group)). There was no significant difference in
the duration of freezing behaviour between the CT and SC
groups (Figure 4).

Figure 4. Effect of chewing behaviour on contextual freezing in the
SPS rat. The freezing time is significantly longer in the ST group than
in the CT and SC groups. The results represent the mean score ± SEM
(n=22 for each group). *P<0.05, **P<0.01.
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Effect of the chewing in SPS model on hippocampal
CA1 LTP
The ST group showed potentiation impairment of fEPSP slopes
compared with the SC (139% of baseline, n=6) and CT (197%
of baseline, n=6) groups (F (2, 15)=62.5, P<0.01; post hoc:
P<0.01 for ST group vs. CT group and ST group vs. SC
group)). There was no significant difference between the CT
(197% of baseline, n=6) and SC (184% of baseline, n=6)
groups (Figure 5).

Figure 5. Comparison of the mean values of field Excitatory
Postsynaptic Potential (fEPSP) slope. The fEPSP slope, expressed as
a percentage of the baseline values, is significantly lower in the ST
groups than in the CT and SC groups. The results represent the mean
score ± SEM (n=6 for each group). **P<0.01.

Discussion
In this study, we provide evidence that chewing improves
stress-enhanced fear response. We first performed DST to
confirm that the SPS paradigm caused enhanced feedback
inhibition of the HPA axis, which was previously shown by the
suppression of plasma ACTH through cortisol administration
immediately before stress exposure [17]. One week after
exposure to the stress, the rats were given Dex or vehicle 2 h
prior to the second stress. Dex-induced inhibition of plasma
corticosterone increase was significantly potentiated in the SPS
rats, suggesting that during the several days after SPS
exposure, alterations in the HPA response were established.

A rat model involving SPS has been developed and employed
for PTSD research [14,15]. In the present experiments, the ST
group was exposed to restraint stress for 2 h without chewing,
and the SC group was exposed to restraint stress for 2 h with
chewing. In a previous study using a similar condition,
restraint stress for 2 h significantly increased ACTH and
corticosterone levels in stressed rats, but chewing for latter half
of the 2 h stress period significantly decreased both these level
[20]. In addition, our previous research, also using similar
condition, showed that 2 h restraint stress significantly
impaired hippocampus-dependent special memory but chewing
for latter half of the 2 h stress period significantly reduced the
stress-impairment of hippocampal function [9]. To examine the
possibility that SPS influenced the locomotor activity in the
fear response, we evaluated the distance travelled by rats from
different groups in the open field test for 15 min. It showed no

significant effect of SPS and chewing. This indicated that SPS
did not affect spontaneous locomotor activity. We found that
chewing ameliorated the SPS-induced fear responses in
behaviour tests, further the SPS-induced suppression of LTP in
CA1 hippocampal neurons was improved by chewing. Several
recent studies have suggested that chewing of a wooden stick
during restraint stress rescues the stress-impaired hippocampal
function [21,22]. Restraint stress induces the expression of
corticotrophin-releasing hormone in the paraventricular
nucleus of the rat hypothalamus [23], whereas chewing during
restraint stress significantly suppresses this enhanced
corticotrophin-releasing hormone expression [18]. Together
with our data, these findings suggest that stress produces
increased fear response via HPA axis dysregulation, but
chewing prevents these deficits. Although previous researchers
have shown that increased GR protein levels in the
hippocampus are associated with increased negative-feedback
sensitivity to glucocorticoids and the subsequent dampened
neuroendocrine response to stress [24-29], this study
demonstrates that chewing ameliorates the increased fear
condition by the inhibition of the HPA axis. We emphasize that
the masticatory activation plays an effective role in the
maintenance of negative feedback of HPA under severe stress
conditions. However, there is no consensus regarding the
relevant neuronal and humoral pathways from the oral cavity
to the hippocampus. The neuronal pathways by which
mastication directly and indirectly influences the HPA axis
should be clarified in future studies.

Conclusion
The present results support our hypothesis that chewing is a
behavioural skill that helps to cope with stress.
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