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INTRODUCTION

ABSTRACT Several studies have previously reported that exposure to stress pro-
vokes behavioral changes, including antinociception, in rodents. In the present
study, we studied the effect of acute cold-water (4°C) swimming stress (CWSS) on
nociception and the possible changes in several signal molecules in male ICR mice.
Here, we show that 3 min of CWSS was sufficient to produce antinociception in tail-
flick, hot-plate, von-Frey, writhing, and formalin-induced pain models. Significantly,
CWSS strongly reduced nociceptive behavior in the first phase, but not in the second
phase, of the formalin-induced pain model. We further examined some signal mol-
ecules' expressions in the dorsal root ganglia (DRG) and spinal cord to delineate the
possible molecular mechanism involved in the antinociceptive effect under CWSS.
CWSS reduced p-ERK, p-AMPKa1, p-AMPKa2, p-Tyk2, and p-STAT3 expression both
in the spinal cord and DRG. However, the phosphorylation of mTOR was activated
after CWSS in the spinal cord and DRG. Moreover, p-JNK and p-CREB activation were
significantly increased by CWSS in the spinal cord, whereas CWSS alleviated JNK and
CREB phosphorylation levels in DRG. Our results suggest that the antinociception
induced by CWSS may be mediated by several molecules, such as ERK, JNK, CREB,
AMPKa.1, AMPKai2, mTOR, Tyk2, and STAT3 located in the spinal cord and DRG.

sensory neurons by ionic transducer channels that respond to
specific thermal, mechanical, and chemical stimuli and activate

Many acute stressors reduce nociceptive responses, a phenom-
enon called stress-induced antinociception (SIA). Especially in
the past 30 years, a series of studies have reported that cold water
swimming stress (CWSS) induces antinociception. Several lines
of evidence have demonstrated that cold water swimming induces
antinociception in selected animal models of pain, including the
hot-plate, tail-flick, and formalin tests [1-4]. However, the exact
mechanisms involved in SIA have not been well investigated.

Pain transmits from somatosensory neurons present in dorsal
root ganglia (DRG) that project to the spinal cord [5-8]. Envi-
ronmental stimuli are converted into voltage changes in somato-

sodium channels that generate and propagate action potentials to
the DRG. The spinal cord receives the stimuli, which are trans-
ferred by the peripheral nervous system. Then the brain origi-
nates the descending modulation to adapt to the stimuli [9]. Thus,
the spinal cord and DRG are the critical regions involved in pain
transmission and stress response.

Although the exact mechanisms involved in CWSS-induced
antinociception have not been well revealed, several authors
have reported several molecules that are related to the pain in
several models. For example, the signal transduction pathway
of mitogen-activated protein kinase (MAPK) in the spinal cord
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and DRG, including extracellular signal-regulated kinase (ERK),
P38, and c-Jun N-terminal kinase (JNK), is closely related to
inflammatory and neuropathic pain [10-14]. Besides, the phos-
phorylated adenosine monophosphate protein kinase (AMPK) is
downregulated in the spinal cord and DRG under neuropathic
pain [15-17]. Moreover, the suppression of mammalian target of
rapamycin (mTOR) could attenuate pain-related hypersensitiv-
ity in DRG [18,19]. Furthermore, the Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) pathway in the
spinal cord has been recognized as a pivotal component in the
cancer, inflammatory, and neuropathic pain models [20-22].

The exact roles of some nociception-related signaling molecules
in regulating CWSS-induced antinociception has not been fully
elucidated yet. Thus, in the present study, we first investigated
the effects of CWSS on nociceptive behavior using various pain
models. Furthermore, we examined the possible roles of signal
molecules, such as ERK, JNK, cAMP response element binding
(CREB), AMPK, mTOR, Tyrosine Kinase 2 (Tyk2), and STAT3
proteins in the spinal cord and DRG after CWSS in mice.

METHODS
Experimental animals

Male ICR mice weighing 20-25 g were purchased from M] Co.,
Seoul, Korea, and divided into several groups. Each group con-
sisted of 5 mice. Animals were kept in a room maintained at 22°C
+ 0.5°C with a 12:12 h light-dark cycle and unlimited access to
food and water. The animals were allowed to adapt to the labora-
tory at least two hours before testing and were only used once. All
experiments were carried out between 10:00 and 17:00. The study
protocol was approved by the Hallym University Animal Care
and Use Committee (Registration Number: Hallym R1 2017-57)
following the “Guide for Care and Use of Laboratory Animals”
published by the National Institutes of Health and the ethical
guidelines of the International Association for the Study of Pain.

Cold water swimming stress

The mice were forced to swim in cold (4°C) water for 3 min.
They swam in a container 15 cm in diameter and 20 cm tall with
water filled to a depth of 11 cm. After the swimming, the mice
were gently dried by patting their bodies with paper towels.

Nociceptive behavior tests

Tail-flick test

We measured mice's response time using the tail-flick test
before performing CWSS and then set it as the control group.
Antinociception was determined at 0, 10, 20, and 30 min after
CWSS by the tail-flick test [23]. Mice were gently held with one
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hand with the tail positioned in the apparatus (Model TF6; EM-
DIE Instrument Co., Maidens, VA, USA). The tail-flick response
was elicited by applying radiant heat to the dorsal surface of the
tail. The intensity of radiant heat was adjusted so that the animal
flicked its tail within 3 to 5 sec. In the absence of a withdrawal re-
flex, set the stimulus cutoff to 15 sec to avoid possible tissue dam-
age.

Hot-plate test

Mice were performed to the hot plate test before being forced
to CWSS, as the control group. Antinociception was determined
at 0, 10, 20, and 30 min after CWSS by the hot-plate paw-licking
test [24]. Mice were individually placed on the 55°C hot-plate ap-
paratus (Model 39 Hot Plate; Itic Life Science, Woodland Hills,
CA, USA). Then, the reaction time starting from the mouse's
placement on the hotplate to licking the front paw was measured.
Basal latency for the hot-plate test was approximately 7 sec.

von-Frey test

Mice were individually placed in a clear glass cell with a metal
mesh floor allowed to adapt to the testing environment for 30
min. Before performing CWSS, we analyzed the paw withdrawal
threshold of mice using the von-Frey test, then set it as the control
group. The mechanical response was assessed at 0, 10, 20, and 30
min after CWSS by von-Frey test [25]. Then von-Frey filaments
(North Coast Medical, Inc., Gilroy, CA, USA) were applied to the
plantar surface using an up and down paradigm. The number of
animals used in the experiment was 5 in each group.

Intraplanar formalin tests

ICR mice were separated into 2 groups, the control group (as
the normal mice before injection) and the CWSS group. As de-
scribed by Hunskaar and Hole [26,27], 10 ul of 5% formalin was
injected subcutaneously (s.c.) into the left hind paw. Then the
mice were placed immediately in an acrylic observation chamber.
Quantification of nociception was based on the animal behaviors
(licking, shaking, or biting the injected paw) during 40 min using
a stopwatch manually. The first phase (acute pain) was considered
0-5 min, following an interphase (6-20 min), the second phase
(inflammatory) continued from 20 to 40 min after injection.

Acetic acid-induced writhing test

We separated ICR mice into 2 groups, the control group (as
the normal mice before injection) and the CWSS group. As we
described previously [28], the mice were injected i.p. with 1% ace-
tic acid and then were placed in an acrylic observation chamber
immediately. The number of writhing was counted over the fol-
lowing 30 min after CWSS. Writhe was defined as an abdominal
contraction of the forelimbs and elongation of the body.

Protein extraction and Western blot

ICR mice (24 in total) were divided into 4 groups comprising
6 animals each. Mice were decapitated at 0, 15, or 30 min after
CWSS, and then the lumbar section of the DRG and spinal cord
was dissected immediately. We also collected the DRG and spinal
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cord of the normal group. Tissue samples were washed twice
with cold Tris-buffered saline (20 mM Trizma base and 137 mM
NaCl, pH 7.5), immediately frozen, and stored in the ultra-lower
temperature refrigerator (-80°C) until assay. The dissected spinal
tissues were lysed with sodium dodecyl sulfate lysis buffer (62.5
mM Trizma base, 2% w/v sodium dodecyl sulfate, 10% glycerol)
containing 0.1 mM Na,VO,, 3 mg/ml aprotinin, and 20 mM NaF.
The sample was then centrifuged at 13,000 rpm for 15 min at 4°C,
and the supernatant was retained. Protein concentrations were
evaluated with the Bradford method (Bio-Rad Laboratories, Her-
cules, CA, USA) using bovine serum albumin as the standard.
The samples were boiled after adding bromophenol blue (0.1%
w/v). Equal amounts of protein were resolved by 6%-10% SDS-
polyacrylamide gel electrophoresis system and transferred to a
polyvinylidene difluoride membrane (Millipore, Bedford, MA,
USA). After blocking (2 h at room temperature) with 5% skim
milk in Tris-buffered saline containing 20% Tween-20 (TBST;
10 mM Trizma base, pH 8.0, 150 mM NaCl, and 0.2% Tween
20), the membranes were immunoblotted with antibodies p-
ERK (Cell Signaling Technology, 1:1,000), p-JNK (Cell Signaling
Technology, 1:1,000), p-CREB (Abcam, 1:1,000), p-AMPKal (Ab-
cam, 1:1,000), p-AMPKa2 (Abcam, 1:1,000), p-mTOR (Abcam,
1:1,000), p-STAT3 (Cell Signaling Technology, 1:1,000), p-Tyk2
(Cell Signaling Technology, 1:1,000), and B-actin (Cell Signaling
Technology, 1:1,000) in a blocking buffer for overnight at 4°C.
The membranes were then washed 4 times with TBST for 20 min
and incubated with the anti-rabbit IgG-horseradish peroxidase-
conjugated secondary antibody (Enzo Life Sciences, 1:4,000) in
blocking buffer at room temperature for 1 h. After washing the
membranes with TBST for 20 min (4 times), the antibody-antigen
complexes were detected using the ECL system and exposed to
Luminescent Image Analyzer (LAS-4000; Fuji Film Co., Tokyo,
Japan) for the detection of light emission. All antibodies’ band
densities were evaluated from the respective band densitometry.
The Multi-Gauge Version 3.1 (Fuji Film Co.) was used to analyze
the intensity of expression. These values were expressed as the
percentage of the control tested protein/B-actin for each sample.

Statistical analysis

Statistical analysis was performed with the aid of GraphPad
Prism (version 8.0.2; GraphPad Software, San Diego, CA, USA).
All values were expressed as the mean + standard error of the
mean (SEM). The statistical significance of differences among
multiple variables were assessed with one-way ANOVA, followed
when necessary by Bonferroni test. Data were compared between
groups using unpaired t test. Differences were considered signifi-
cant, where p < 0.05.
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RESULTS

Effect of CWSS on nociceptive behavior in various
pain models

Mice were forced into CWSS for 3 min. Then the nociceptive
behavior was measured. In the tail-flick and hot-plate tests, the
response time were increased after 3 min CWSS, as shown in
Fig. 1A and B. In the von-Frey test, the withdrawal threshold was
increased after 3 min CWSS (Fig. 1C). However, these antinoci-
ceptive effect induced by CWSS were recovered to a normal level
after 10 min of CWSS. In the formalin-induced pain model, the
nociceptive behavior during the first phase was reduced after
CWSS (Fig. 1D). In contrast, CWSS altered nociceptive behavior
mildly during the second phase, which was not significant (Fig.
1D). As shown in Fig. 1E, in the writhing test, the number of
writhing responses was suppressed entirely by CWSS during 0-10
min. Then antinociceptive effect induced by CWSS was mildly
reduced but not reversal to a normal level even after 30 min.

Effect of CWSS on ERK, JNK, CREB proteins
phosphorylation in the spinal cord and DRG

The expression of ERK, JNK, or CREB protein phosphoryla-
tion was evaluated by Western blot. The lumbar spinal cord and
DRG were dissected at 0, 15, and 30 min after cold water swim-
ming stress. CWSS caused up-regulation of p-JNK and p-CREB
expression, whereas down-regulation of p-ERK by CWSS in the
spinal cord was observed (Fig. 2A-C). CWSS suppressed the ex-
pression level of p-ERK, which remained lower than that of the
normal level 30 min after CWSS (Fig. 2A). The JNK phosphory-
lation level was increased immediately, remained after 15 min,
and then reversed to normal level after 30 min of CWSS (Fig.
2B). The expression level of p-CREB was increased immediately
after CWSS and then decreased to a normal level after 15 min
of CWSS (Fig. 2C). Also, CWSS attenuated p-ERK, p-JNK, or p-
CREB levels in the DRG (Fig. 2D-F). As shown in Fig. 2D and F,
both p-ERK and p-CREB expression levels were reduced 0 and
15 min after CWSS, and then after 30 min, they were reversed to
the normal level. The expression level of p-JNK was also down-
regulated after CWSS and maintained lower than the normal
level 30 min after CWSS (Fig. 2E).

Effect of CWSS on the expression of p-AMPKa.1,
p-AMPKq2, p-mTOR proteins in the spinal cord and
DRG

Mice were forced to CWSS, and then we tried to assess the
phosphorylation level of AMPK or mTOR within the spinal cord
and DRG. As shown in Fig. 3A and B, CWSS significantly low-
ered the expressions of p-AMPKa 1 and p-AMPKa2 in the spinal
cord at 0-30 min after CWSS. On the contrary, the level of p-
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mTOR (Fig. 3C) was elevated in the spinal cord 15 and 30 min af-
ter CWSS compared with the normal ones. As shown in Fig. 3D-
F, the decreased p-AMPKol and AMPKa2 level, or increased
p-mTOR expression level in DRG were remarkably induced by
CWSS. The phosphorylation level of AMPKal was significantly
decreased 15 and 30 min after CWSS as shown in Fig. 2D. CWSS
also reduced the phosphorylation level of AMPKa2 at 0 min
and decreased p-AMPKa2 level was maintained up to 30 min
(Fig. 3E). The expression of p-mTOR level was up-regulated after
CWSS which was remained at higher level than the normal level
even 30 min after CWSS (Fig. 3F).
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1%! phase

latency time spent by mice on the hot
plate was examined. (C) Von-Frey test:
The withdrawal threshold for the right
hind paw was determined. (D) Formalin-
induced pain model: The pain behaviors
such as vigorous licking and shaking
paws were counted during the first (0-5
min) and the second (20-40 min) phases
using a stopwatch. (E) Writhing test:
The number of writhing responses was
counted for 30 min after acetic acid in-
jection. Values are mean + SEM. The mice
number of animals used in each group
was 5. CWSS, cold-water (4°C) swimming
stress; ns, non-significant. *p < 0.05, **p
<0.01, ***p < 0.001.

2" phase

Effect of CWSS on the expression of p-Tyk2 and
p-STAT3 proteins in the spinal cord and DRG

We next examined the changes of p-Tyk2 and p-STAT3 pro-
teins after CWSS in the spinal cord and DRG. The p-Tyk2 level
in the spinal cord and DRG was immediately decreased at 0 min
and remained at the lower level up to 30 min after CWSS (Fig. 4A
and C). As shown in Fig. 4B, the p-STAT3 level was decreased im-
mediately, remained after 15 min, and then returned to normal
level after 30 min of CWSS. As shown in Fig. 4D, the p-STAT3
level was also reduced immediately after CWSS. However, after
15 min, the decreased p-STAT?3 level began to elevate gradually,
which was still lower than that observed in the normal group.
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DISCUSSION

In the present study, we examined the effects of CWSS on no-
ciceptive behaviors in various pain models. We found that acute
CWSS exerts antinociceptive effects in tail-flick, hot-plate, von-
Frey, writhing, and formalin tests. Our results indicate that the
CWSS elicit antinociception by inhibiting thermal, chemical, or
mechanical noxious stimulus. These results are similar to the
findings reported previously. For example, O'Connor and Chip-
kin [29] have previously reported that acute CWSS (2°C, 3 min)
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0.01, ***p < 0.001.

produces a significant increase in the tail-flick latency in mice.
Also, Romano and Shih [3] found that acute CWSS (2°C, 3.5 min)
produces antinociception in the hot-plate test. As with a series
of studies that have reported acute CWSS to induce antinocicep-
tion being observed in both of two phases of formalin response,
contrarily, in this study, we find that CWSS attenuated only the
first phase of formalin response, but not the second phase. It has
been known that the intraplantar injection produces a biphasic
reaction [30]. The nociceptive behavior observed during the
first phase is mostly due to the direct stimulation of nociceptors,
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whereas the nociceptive behaviors observed during the second
phase involves both inflammatory mechanisms and central sen-
sitization within the dorsal horn [31], suggesting that nociceptive
behaviors observed during the first and second phases are dif-
ferentially regulated. On the other hand, CWSS (2°C, 3.5 min)
delayed the nociceptive response in the formalin test in rats [32].
Taken together, we speculated that these differential effects of
CWSS in the formalin test might be resulted from the differential
origins of animals or the dose of the formalin injected.
Interestingly, in the present study, we found that the writhing
test differs from other nociceptive models. The antinociceptive
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animals in each group was 6. AMPK, ad-
enosine monophosphate protein kinase;
mTOR, mammalian target of rapamycin;
DRG, dorsal root ganglia. *p < 0.05, **p <
0.01, ***p < 0.001.

effect induced by CWSS could last a longer time in the writhing
test than other nociceptive models. Although the exact reason for
this effect is currently unknown, acetic acid-induced pain modal-
ity might be different from other pain models.

Several lines of evidence have previously demonstrated that
ERK protein is closely associated with pain transmission. For
example, p-ERK expressions in the spinal cord or dorsal root gan-
glia are up-regulated in various chronic pain models, such as neu-
ropathic pain and neuropathy [33]. Furthermore, the expression
ERK protein in the spinal cord or brain regions are up-regulated
in an acute inflammatory pain model such as the formalin pain
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model [34,35]. In the present study, we found that, after CWSS,
the p-ERK expression was suppressed in the spinal cord and
DRG, suggesting that the down-regulation of p-ERK expression
is closely associated with the CWSS-induced antinociception.
Additionally, JNK and CREB proteins are closely associated
with pain transmission. In the present study, we found that
CWSS resulted in a significant decrease in the level of p-CREB
and p-JNK expression in DRG. In addition, the finding by other
groups supports, in part, our results. For example, both p-CREB
and p-JNK expression in the DRG are up-regulated in various
pain models, such as cancer and inflammatory pain models
[36,37]. However, in the present study, we found that the p-CREB
and p-JNK levels in the spinal cord are increased after CWSS.
The spinal cord is a location that the ascending track of the pain
transmission and the descending track of pain inhibitory system
meet, whereas the DRG is mostly involved in the pain transmis-
sion from the peripheral system to the spinal cord [38,39]. Thus,
we infer that the different effect on the protein expression level of
p-CREB and p-JNK in the spinal cord and DRG may be due to
their location and function. Previously, we reported that CWSS
produces antinociception, which might be induced by the delta-
and mu-opioid receptors in the brainstem, midbrain, and spinal
cord areas [40]. Besides, cholecystokinin (CCK) receptors, located
at supraspinal and spinal regions, contributed to the antagonism
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:
0 15 30 number of animals in each group was

6. Tyk2, Tyrosine Kinase 2; STAT3, Signal
transducer and activator of transcription
3; DRG, dorsal root ganglia. *p < 0.05,
**p < 0.01, ***p < 0.001.

against supraspinally administered opioid-induced antinocicep-
tion [41]. We further found that, at the supraspinal level, CCK(A),
but not CCK(B) receptor, was involved in antagonizing the
CWSS-induced antinociception [41]. In addition, we concluded
that spinal, but not supraspinal, pertussis toxin-sensitive G-
proteins and cAMP phosphodiesterase may be involved in the an-
tinociception produced by CWSS [42]. Taken together, although
the exact reasons for the differential regulation of p-CREB and p-
JNK in the spinal cord and DRG by CWSS are currently not clear,
these lines of evidence suggest that multiple endogenous ascend-
ing and the descending pain inhibitory systems during the CWSS
might be involved.

Recent studies provide evidence for AMPK and mTOR’s dif-
ferent role in the acute and neuropathic pain models [43-46].
Numerous studies reported that the activation of AMPK might
contribute to their antinociceptive effect [47,48]. Moreover, the
inhibition of mTOR was identified as a potential therapy for
chronic inflammatory pain [49] and neuropathic pain [50,51]. We
found, in the present study, that CWSS decreases p-AMPKq.1 and
p-AMPKa2 levels but increased p-mTOR level in the spinal cord
and DRG. AMPX is a known regulator of whole-body energy
homeostasis. Our finding supports the concept that the activation
of AMPK, in general, inhibits the mTOR phosphorylation [52,53].
However, Lu and Xu [54] previously reported that four weeks of
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cold exposure (4°C) significantly augmented the phosphoryla-
tion expression of AMPK [54]. Our previous study indicates that
acute CWSS and chronic CWSS can cause different effects on
mice [40], as well as Shi et al. [55]. Thus, we speculate that the var-
ious AMPK expression level changes after cold stress may result
from the different types or the time of stress.

STAT-JAK pathway is also known to be involved in pain trans-
mission under inflammatory and neuropathy conditions [56-
59]. Over-expression of STAT3 was observed in neuropathic pain
model and the suppression of the p-STAT3 level could alleviate
neuropathic pain in the spinal cord and DRG [15,60-63]. More-
over, the Tyk2 protein belongs to JAK families and is considered
as an upstream kinase of STATs [64]. We found, in the present
study, that CWSS caused decreases of p-Tyk2 and p-STAT levels
in the spinal cord and DRG, supporting further the STAT3 and
Tyk2 proteins appeared to be associated with the antinociception
induced by CWSS.

In conclusion, cold water swimming stress-induced antinoci-
ception in thermal, chemical, or mechanical noxious stimulus
models. Several signaling molecules, such as ERK, JNK, CREB,
AMPKal, p-AMPKa2, mTOR, Tyk2, and STATS3 in the spinal
cord and DRG, were appeared to be involved in the antinocicep-
tion induced by cold water swimming stress.
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