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Abstract

Background: Increasing evidence suggests that chronic stress increases pain sensitivity and exacerbates existing pain. However,
whether and how chronic unpredictable stress (CUS) affects surgical pain is unclear.

Methods: A postsurgical pain model was performed by longitudinal incision from 0.3 cm of the proximal edge of the heel toward
the toes. The skin was sutured, and the wound site was covered. Sham surgery groups underwent the same procedure without an
incision. The short-term CUS procedure was conducted by exposure of mice to 2 different stressors each day for 7 days. The behavior
tests were conducted between 9:00 AM and 4:00 pm. Mice were killed on day 19, and the mouse bilateral L4/5 dorsal root ganglia, spinal
cord, anterior cingulate and insular cortex, and amygdala were collected for immunoblot analyses.

Results: Presurgical exposure of mice to CUS every day for 1-7 days showed significant depression-like behavior as evidenced by
reduced sucrose preference in the sucrose consumption test and prolonged immobility time in the forced swimming task. This
short-term CUS procedure did not affect the basal nociceptive response to mechanical and cold stimuli in the Von Frey and ace-
tone-induced allodynia tests, but it delayed pain recovery after surgery, as indicated by the prolonged hypersensitivity in mechan-
ical and cold stimuli by 12 days. The subsequent studies demonstrated that this CUS caused an increase in adrenal gland index.
The abnormalities in pain recovery and adrenal gland index after surgery were reversed by a glucocorticoid receptor (GR) antagonist
RU38486. Moreover, the prolonged pain recovery after surgery induced by CUS seemed to involve an increase in GR expression and
decreases in cyclic adenosine monophosphate, phosphorylated cAMP response element binding protein, and brain-derived neu-
rotrophic factor levels in emotion-related brain regions, such as anterior cingulate and insular cortex, amygdala, dorsal horn, and
dorsal root ganglion.

Conclusions: This finding indicates that stress-induced GR change may result in dysfunction of GR-related neuroprotective
pathway.
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Significance Statement

Short-term stress could affect the recovery of pain after surgery, but the underlying neurobiological mechanism between this
stress and pain recovery has not been clarified. The presurgery stress animal model that we established successfully simulates
the clinical situation, where most patients undergoing incision surgery have mild depression before surgery, while the basal pain
threshold has not changed. The present study was highly significant because it (1) identified the glucocorticoid receptor as a new
regulator for control of prolonged surgical pain conditions; (2) suggested that short-term stress-mediated pain abnormality could
be ameliorated by inhibition of glucocorticoid receptor and activation of downstream neuroprotective pathway; and (3) provided
evidence that the prevention of perioperative stress may facilitate recovery of postoperative pain.
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INTRODUCTION

Chronic pain is one of the most common and disabling mental
disorders and affects approximately one-fifth of the population in
the United States and Europe (Sheng et al., 2017). Clinical studies
suggest that 85% of patients suffering from both chronic pain and
depression (Bair et al., 2003; Williams et al., 2003). Chronic pain
and depression are closely correlated in terms of occurrence and
can promote each other’s deterioration. Recently therapeutics for
relieving chronic pain include antidepressants as well as anxi-
olytics, underscoring the mutual correlation implicated in the
pathology of depression and pain development.

Stress and pain share a common behavioral model of failure
to extinguish negative memories. Previous studies suggested that
chronic stress-related depression reduced basal pain threshold
and prolonged recovery of pain (Raymond et al., 2001; Roehrs et
al., 2006). Increasing evidence suggests that short-term stress or
subacute stress delays surgical pain recovery (Caumo et al., 2002;
Jackson et al., 2016) but does not affect the basal pain thresh-
old. This phenomenon is consistent with patients who have a
normal pain threshold although they suffer from short-term
stress during hospital stays of 2-4 days for preoperative prepa-
ration (Wright, 2009; Theunissen et al., 2012; Hernandez et al.,
2015; Dekker et al., 2016; Sobol-Kwapinska et al., 2016; Su et
al., 2017; Weinrib et al, 2017). Further studies demonstrate that
this short-term stress could affect recovery of pain after surgery
(Cremeans-Smith et al., 2006; Theunissen et al., 2012; Weinrib et
al., 2017). However, the underlying neurobiological mechanism
between short-term stress and pain recovery is less discernable.
Indeed, mood disorders share the same pathway with the sen-
sory occurrence, development, and maintenance of chronic pain
from the central nervous system to the peripheral, such as the
insular cortex, anterior cingulate cortex, amygdala, dorsal root
ganglion (DRG), and dorsal horn (DH), which form a histological
structural foundation for the coexistence of depression, anxiety,
and pain (Meerwijk et al., 2013). Indeed, stress-induced glucocor-
ticoid (GS) release and its receptor (glucocorticoid receptor [GR))
increase may play a crucial role in the process of pain because
inhibition of this stress by treatment of a selective GR antago-
nist, RU38486 (RU), reverses the prolongation of pain hypersen-
sitivity to mechanical and cold stimuli (Cao et al., 2015; Wang et
al., 2015). However, whether this stress-induced increase in GR
expression would prevent the neuroprotective effects by nega-
tively regulating the expression of brain-derived neurotrophic
factor (BDNF) and upstream transcription factors such as cAMP
and cAMP response element-binding protein (CREB) is unknown.

In the present study, a CUS procedure was used to determine
the time point at which short-term stress did not change basal
pain threshold but prolonged surgical pain induced by a hind paw
surgery. The depression-like behavior was also examined to ana-
lyze whether the prolonged pain response and depression-like
behavior are relevant. The subsequent study determined depres-
sion and comorbid pain are related to the expression of GR, cCAMP,
the ratio of CREB phosphorylation (pCREB) to CREB, and BDNF in
the brain regions related to emotional changes and the spinal
cord and DRG, the main areas that regulate pain response.

MATERIALS AND METHODS

Animals

Adult male ICR mice (22-25 g) were obtained from the Animal
Center of the Chinese Academy of Sciences (Shanghai, China).
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Mice were housed 4 per cage at controlled ambient temperature
(24°C +1°C), humidity (50%+10%) with a light/dark cycle (12:12
hours) and had free access to ad libitum water and food. Mice
were allowed an acclimation period of 5 days before the exper-
iments. All efforts were made to minimize animal suffering and
reduce the number of animals. Experiment procedures were
conducted following the National Institutes of Health Guide for
Care and Use of Laboratory Animals (NIH publication No. 86-23,
revised 1996) and approved by the Wenzhou Medical University
Committee on Animal Care and Use.

Drug Administration

Sodium carboxymethyl cellulose was provided by the Beijing
Institute of Pharmacology and Toxicology (China). Mifepristone
(RU, Sigma-Aldrich, MO, USA) dissolved in 0.5% carboxymethyl
cellulose suspended in saline was injected daily at 20 mg/kg 1
hour before CUS (Georén et al., 2005). They were i.p. administered
in a constant volume of 10 mL/kg body weight.

Short-Term CUS

The procedure of short-term CUS was performed as previously
described (Ortiz et al., 1996; Xu et al., 2018), with minor modifica-
tions. This stress procedure was administered twice per day over 1-7
days. Mice were exposed to 2 different stressors each day, such as
food deprivation, restraint stress, tilted cage, cold swimming, and
overnight illumination, etc. The sequence of stress was arranged in
Table 1. The behavior tests were conducted between 9:00 am and
4:00 pm. Mice were killed on day 19, and the mouse bilateral 1L4/5
dorsal root ganglia, spinal cord, anterior cingulate and insular cor-
tex, and amygdala were collected for immunoblot analyses. Control
mice were housed in their usual cages under normal conditions.

Postsurgical Pain Model

The incisional surgery was carried out with minor modifica-
tions as previously described (Banik et al., 2006; Atianjoh et al.,
2010). The surgical procedures were performed under isoflu-
rane anesthesia (induction 4%, maintenance about 1.4%). The
plantar aspect of the right hind paw was sterilely prepared (10%
povidone-iodine solution) and longitudinally incised (8 mm;
no. 11 blade through the skin and fascia) from 0.3 cm of the
proximal edge of the heel toward the toes. The skin was sutured
with 6-0 nylon, and the wound site was covered with triple anti-
biotic ointment. The mice were returned to cages for recovery
after surgery, and the wounds healed well within about 6 days.
Sham surgery groups underwent the same procedure without
an incision.

Table 1. Sequence of Chronic Unpredictable Stress

Day Stress

Food deprivation (12 h), overnight illumination (12 h)
Cold swim (4°C, 4 min), cage tilting (4 h)

Tail pinch (2 min), water deprivation (12 h)

Restraint (1 h), damp bedding (5 h)

Cold swim (4°C, 5 min), cage tilting (5 h)

Restraint (1.5 h), overnight illumination (12 h)

N LW N

Tail pinch (3 min), food and water deprivation (24 h)
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Sucrose Preference Test (SPT)

The SPT was carried out as described in previous reports with
slight modification (Grgnli et al.,, 2005;Adebesin et al., 2017).
All mice were adapted to a 2-bottle choice for 2 days (water or
1% sucrose in 1 bottle). After adaptation, mice were deprived of
water and food for 24 hours, before SPT. Mice were then housed
in individual cages and had free access to 2 bottles contain-
ing 100 mL of sucrose solution (1% w/v) and 100 mL of water,
respectively. The consumption of water and sucrose during a
1-hour period for each mouse was determined using a standard
weight scale. The sucrose preference was calculated as the ratio
of the consumed sucrose solution to the total amount of liquid
consumed.

Forced Swimming Test (FST)

The FST was carried out after the CUS procedure as previously
described with minor modifications (Bourin et al., 2004; Xu et al.,
2005). Each mouse was subjected to a preswim session (15 min-
utes) in a cylindrical and transparent container (height: 25 cm,
diameter: 10 cm, depth: 10 cm) of water at 24°C+1°C. Mice were
dropped in the container again for 6 minutes (test) 24 hours
later. The period during which the mice were kept immobile was
recorded during the last 4 minutes of the testing duration. A
mouse was deemed to be immobile when it stopped struggling
and kept floating motionless in the water and making only a few
movements necessary to keep its head above water. The mice
were dried after the behavioral test and returned to the home
cages.

Mechanical Allodynia Test

Paw withdrawal responses to mechanical stimuli were determined
using calibrated Von Frey filaments (0.07, 0.16, 0.40, 0.60, 1.0, 1.4,
and 2.0 g), starting with 0.07 g and ending with 2.0 g in ascending
order, as previously reported (Li et al., 2014; Xu et al., 2014). Mice
were placed on an elevated wire-mesh floor (5x5x8 cm) and were
covered with a clear Plexiglas chamber. After acclimation for 20
minutes, each monofilament was applied 5 times to the plantar
side of the hind paw for approximately 1 second with a 10-second
interval. A stimulus-related withdrawal was considered a positive
response. The paw withdrawal threshold (PWT) was calculated as
the force at which the positive response occurred in 3 of 5 stimuli.
The PWT was regarded as the force at which withdrawal occurred
(PWF=>60%); 4 g was recorded as the PWT if PWF was<60% to all
filaments.

Cold Allodynia Test

Cold allodynia of the hind paw was assessed using the acetone
test. Cold allodynia was studied in the same plastic cages as
those described above for the Von Frey test. After acclimation of
at least 15 minutes, acetone (10 pL) was applied to the plantar
skin. Acetone was alternately applied 5 times to each hind paw
at 5-minute intervals, and the responses were recorded over a
1-minute period after application as follows according to the
scale previously described (Bravo et al., 2012; Mizoguchi et al.,
2016): 0, no response; 1, quick withdrawal, flick or stamp of the
paw; 2, prolonged withdrawal or repeated flicking of the paw; 3,
repeated flicking of the paw with persistent licking directed at
the ventral side of the paw. The cumulative scores were obtained
by summing the scores for each mouse and dividing by 5, the
number of assays.

Adrenal Gland Index

The adrenal glands were quickly removed, and the weight was
measured on day 19 after the mice were killed. The adrenal
glands index was calculated as the ratio of the weight of the adre-
nal gland to the body weight of mice (Rubin et al., 1996; Pang et
al., 2015).

Western-Blot Analysis

Mice were decapitated after the behavioral tests. The DRG, DH,
anterior cingulated cortex, insular cortex, and amygdala were dis-
sected and stored at —80°C until analysis after the mice were killed.
All tissues were homogenized in Radio Immunoprecipitation
Assay (RIPA) lysis buffer containing protease and phosphatase
inhibitors and centrifuged at 14 000 rpm for 20 minutes at 4°C.
The supernatant was taken to assess GR, pCREB, CREB, and
BDNF protein expression. As the internal reference protein, Actin
expression was detected. Samples (45 jg protein) were separated
using sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) before transferring to nitrocellulose membranes.
Nonspecific bindings were blocked with a blocking buffer for 2
hours at room temperature. The membranes were incubated with
the primary antibodies, that is, rabbit anti-GR (1:50000; Abcam),
anti-protein kinase A (PKA; 1:50000; Abcam), anti-phosphorylated
CREB (1:1000; Millipore), anti-CREB (1:500; Millipore), anti-BDNF
(1:2000; Abcam), and anti-B-Actin (1: 1000; Abcam), overnight at
4°C. The membranes were incubated with the secondary anti-
bodies, that is, goat anti-rabbit IgG-HRP (1:10000; bio-sharp) for
60 minutes. The band signal was visualized by the electrochemi-
luminescence kit and was detected by the fluorescence scanner.
The quantification of specific bands was analyzed by “Image-Lab”
software (Zhang et al. 2013).

Statistical Analysis

Data shown are expressed as means+SEM. The data were ana-
lyzed using 2-way ANOVA. When ANOVA showed a significant
difference, pairwise comparisons between means were tested by
the post hoc Tukey method (SigmasStat, San Jose, CA, USA). For
two groups comparisons, data were statistically analyzed using
Student’s t test. P < .05 was significant.

RESULTS

Time-Dependent Changes in Basal Pain
Perception After Short-Term CUS

In the present study, we first examined the appropriate time
of short-term CUS, which did not affect basal paw withdrawal
responses in an established animal model of CUS. Mice were sub-
jected to short-term CUS twice daily for 9 consecutive days. Paw
withdrawal responses to mechanical and cold stimuli were exam-
ined 1 day before short-term CUS and 2 hours after CUS daily for
9 days. Marked reductions were found in PWTs in response to
mechanical stimulation on day 9 post CUS on the left hind paws
(Figure 1A; P<.05) and on day 8 and day 9 post CUS on right hind
paws (Figure 1B; P<.05, P<.01) compared with the corresponding
control group, which were indications of mechanical pain hyper-
sensitivities. Similarly, significant increases in response scores on
day 9 post CUS on the left hind paws (Figure 1C; P<.05) and on
day 8 and 9 post CUS on right hind paws (Figure 1D; P<.05, P<.01)
compared with the corresponding control group were behavioral
indications of cold pain hypersensitivities. These results demon-
strate that basal paw withdrawal responses did not significantly
change during 7 consecutive days when mice were exposed to
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Figure 1. The time-dependent changes in basal paw withdrawal responses in mice to mechanical and cold stimuli after daily chronic
unpredictable stress. (A, B) Mechanical allodynia test. (C, D) Cold allodynia test. (A, C) Responses of left hind paws. (B, D) Responses of right hind
paws. Results are expressed as mean+SEM. P<.05, "P<.01 vs the corresponding time points in the control group (n=10/group).

short-term CUS. Thus, short-term CUS for 7 consecutive days was
defined as a short-term CUS procedure and was used in the fol-
lowing experiments.

Pain Response Change in Mouse Exposure to
Short-Term CUS Before Surgery

The experimental procedure of short-term CUS and the order of
behavioral tests were shown in Figure 2A. To examine whether
short-term CUS before surgery affected the magnitude or dura-
tion of surgery-induced hypersensitivity, we performed a uni-
lateral plantar incision on the right hind paw in mice after they
were exposed to short-term CUS for 7 consecutive days. The
incision surgery induced persistent mechanical and cold nocic-
eptive response on the ipsilateral (but not contralateral) side in
the incision plus control group. For surgery group, pain hypersen-
sitivity reached a peak 1 day after surgery (day 9) and completely
disappeared 11 days after surgery (day 19) (Figure 2B and D). As
expected, the preexposure to short-term CUS alone did not alter
basal PWT to mechanical or cold stimuli on either side of stressed
mice during our observation. However, the preexposure to short-
term CUS delayed the recovery of surgical pain on the ipsilateral
side in the incision plus stress group (Figure 2B and D). Twwo-way
ANOVA revealed that short-term CUS and incision surgery sig-
nificantly differed during the PWTs (short-term CUS: F, , =38.58,
P<.001; incision surgery: F, . =4.807, P<.05 for day 17; short-term

1,36,

CUS: F,,=69.19, P<.001; incision surgery: F, =49.94, P<.001
for day 19). The incision plus stress group had significantly lower
PWTs to mechanical stimulation from day 17 to day 19 (Figure
2B; P<.05 or P<.01). Similar results were observed in the cold
allodynia test: the incision plus stress group had significantly
increased response scores of cold allodynia from day 15 to day 19
compared with the corresponding incision only group (P<.05 or
P<.01) (Figure 2D).

Depression-Like Behavior and Adrenal Gland
Index in Mouse Exposure to Short-Term CUS
Before Surgery

There were no significant differences in the baseline of sucrose
preference in each group compared with the sham plus control
group (Figure 3A). After receiving short-term CUS for 7 days,
short-term CUS decrease the sucrose consumption (short-term
CUs: F(L%):MAZS, P<.01; incision surgery: F(L%):O.S, P>.05; Figure
3B), FST (short-term CUS: F, ., =16.53, P<.001; incision surgery:
F4,=0.4389, P>.05; Figure 3C), and adrenal gland index (short-
term CUS: F, . =28.80, P<.001; incision surgery: F, ., =1.401,
P>.05; Figure 3D). The mice in the sham plus stress group and
the incision plus stress group showed significantly less sucrose
consumption than those in the sham plus control group (P<.05;
P<.05; Figure 3B). No obvious difference in sucrose consumption
was observed between the incision plus control group and the
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Figure 2. The experimental procedure (A) and postsurgical pain to preexposure to short-term chronic unpredictable stress in mice (B-E). (B, C)
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sham plus control group (Figure 3B). We further performed the
FST, in which mice under stress displayed a longer duration of
immobility. The mice in the sham plus stress group and the inci-
sion plus stress group showed more immobility time than those
in the sham plus control group (P<.01; P<.01; Figure 3C). The inci-
sion plus control group and the sham plus control group did not
show significant difference in immobility time (Figure 3C).

The subsequent study showed that the mice in the sham
plus stress group and the incision plus stress group significantly
increased adrenal gland index compared with those in the sham
plus control group (P<.05; P<.01; Figure 3D). No obvious differ-
ence in adrenal gland index was observed between the incision
plus control group and the sham plus control group (Figure 3D).

RU Reversed Short-Term CUS-Induced
Postsurgical Pain Prolongation in Mice
In the incision plus stress group, pretreatment of the vehicle did
not affect significant decreases in PWT to mechanical and cold
stimuli on the ipsilateral side. However injection of RU completely
abolished the decreases in PWT to mechanical stimulation in the

incision plus stress group on days 15 (P<.05), 17 (P<.01), and 19
(P<.01) (Figure 4A). Similarly, compared with the corresponding
incision plus stress plus vehicle group, treatment with RU to the
incision plus stress group significantly decreased the response
score to cold allodynia on days 13 (P<.01), 15 (P<.01), 17 (P<.01),
and 19 (P<.01) (Figure 4C), suggesting that RU reversed pain
recovery prolongation in the incision plus stress group. RU at the
dose used alone did not alter basal paw withdrawal responses to
mechanical and cold stimuli on the contralateral side of the inci-
sion plus stress group (Figure 4B and D) or on either ipsilateral or
contralateral side of the remaining treated groups.

GR Expression in Depression Pain-Related
Regions in Mouse Presurgical Exposure to Short-
Term CUS

Two-way ANOVA revealed that short-term CUS significantly differed
the expression of GR in the 14/5 DH (short-term CUS: F,, =4.45,
P<.05; incision surgery: F(1,36):3‘78’ P>.05; Figure 5A), L4/5 DRG
(short-term CUS: F, . =5.63, P<.05; incision surgery: I, =194
P>.05; Figure 5B), amygdala (short-term CUS: F . =9.517, P<.05;

1,36
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mean+SEM. P<.05, "P<.01 vs the corresponding incision plus control group (n=10/group).

incision surgery: F . =2.724, P>.05; Figure 5C), anterior cingu-
late cortex (short-term CUS: F . =10.04, P<.01; incision surgery:
F, 49=3.08, P>.05; Figure 5D), and insular cortex (short-term CUS:
F,.=11.7, P<.01; incision surgery: F . =247, P>.05; Figure 5E).
Presurgical exposure to short-term CUS significantly increased
the expression of GR in the L4/5 DH (P<.01; Figure 5A), L4/5 DRG
(P<.01; Figure 5B), amygdala (P<.01; Figure 5C), anterior cingulate
cortex (P<.01; Figure 5D), and insular cortex (P<.05; Figure 5E) on the
ipsilateral side 9 days after surgery in the incision plus short-term
CUS group compared with the sham plus control group. Neither
surgery alone nor short-term CUS caused significant alterations in
the expression of GR in DH, DRG, amygdala, anterior cingulate cor-
tex, and insular cortex in the incision plus control or the sham plus
short-term CUS group.

1,36)

PKA Expression in Depression Pain-Related
Regions in Mouse Presurgical Exposure to Short-
Term CUS

To determine whether presurgical exposure affected PKA, we
measured PKA expression in the L4/5 DH, L4/5 DRG, amygdala,
anterior cingulate cortex, and insular cortex. Short-term CUS sig-
nificantly decreased the expression of PKA in the L4/5 DH (short-
term CUS: F, , =10.04, P<.05; incision surgery: F ., =3.08, P>.05;
Figure 6A), amygdala (short-term CUS: F ,; =5.56, P<.05; incision

1,36,

surgery: F, ,,=2.12, P>.05; Figure 6C), and insular cortex (short-
term CUS: F . =117, P<.01; incision surgery: F =247, P>.05;
Figure 6E).

Short-term CUS and incision surgery significantly decreased
the expression of PKA in L4/5 DRG (short-term CUS: F, , =17.70,
P<.001; incision surgery: F, ,=6.96, P<.05; Figure 6B) and ante-
rior cingulate cortex (short-term CUS: F, , =12.44, P<.01; incision
surgery: I, ., =6.54, P<.05; Figure 6D).

1,36,

1,36,

PKA expression in the incision plus stress group expression
was decreased in the DH (P<.01; Figure 6A), DRG (P<.001; Figure
6B), amygdala (P<.01; Figure 6C), anterior cingulate cortex (P<.01,
Figure 6D), and insular cortex (P<.01; Figure 6E) compared with
the incision plus control group. Neither incision alone nor short-
term CUS led to significant changes in the PKA expression in
these detected areas in the incision plus control or the sham plus
short-term CUS group.

Ratio of pCREB to CREB and BDNF Expression
in Depression Pain-Related Regions in Mouse
Presurgical Exposure to Short-Term CUS

Both short-term CUS and incision surgery significantly differed
the expression of pCREB/CREB in L4/5 DH (short-term CUS:
F=19.67, P<.001; incision surgery: F,,=6.58, P<.05; Figure
7A). Only short-term CUS significantly differed the expression of
pCREB/CREB in the L4/5 DRG (short-term CUS: F ., =6.67, P<.05;
incision surgery: F . =3.25, P>.05; Figure 7B), amygdala (short-
term CUS: F(1,36):4‘322’ P<.05; incision surgery: F(l‘%):o.43, P>.05;
Figure 7C), anterior cingulate cortex (short-term CUS: F, ., =8.13,
P<.01; incision surgery: F,, ;o =3.00, P>.05; Figure 7D), and insu-
lar cortex (short-term CUS: F . =8.19, P<.01; incision surgery:
F =357, P>.05; Figure 7E). Preexposure to short-term CUS in
mice significantly decreased the ratio of pCREB/CREB in the L4/5
DH (P<.001; Figure 7A), L4/5 DRG (P<.05; Figure 7B), amygdala
(P<.05; Figure 7C), anterior cingulate cortex (P<.05; Figure 7D),
and insular cortex (P<.01; Figure 7E) compared with the incision
plus control group.

We also found that short-term CUS significantly differed the

expression of BDNF in the L4/5 DH (short-term CUS: F,, =14.36,
P<.001; incision surgery: F . =3.992, P>.05; Figure 8A), DRG
(short-term CUS: F, . =20.58, P<.001; incision surgery: F, ., =2.15,
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Figure 8. Presurgical exposure to chronic unpredictable stress reduced brain-derived neurotrophic factor (BDNF) proteins in the L4/5 dorsal horn
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P>.05; Figure 8B), anterior cingulate cortex (short-term CUS:
F(1‘36):3.57, P<.05,; incision surgery: F(LSG):O.SE}, P>.05; Figure
8D), and insular cortex (short-term CUS: F(1,36):4'12‘ P<.05; inci-
sion surgery: F . =1.11, P>.05; Figure 8E). Short-term CUS and
incision surgery significantly differed the expression of BDNF in
amygdala (short-term CUS: F . =8.98, P<.01; incision surgery:
F,3=7.30, P<.05; Figure 8C).

BDNF expression was significant decreased in DH (P<.001;
Figure 8A), DRG (P<.001; Figure 8B), amygdala (P<.001; Figure 8C),
and insular cortex (P<.01; Figure 8E). In contrast, neither incision
alone nor short-term CUS led to significant changes of pCREB/
CREB and BDNF expression in these detected areas in other
groups.

1,36

DISCUSSION

The present study suggested that exposure to short-term CUS in
mice induces depressive-like symptoms but does not affect the
basal pain threshold. In the SPT and FST, stress-reduced sucrose
preferences and prolonged immobile duration indicated that short-
term CUS caused a certain depressive state. In addition, short-term
CUS reduced the pain thresholds to mechanical and cold stimuli
in the Von Frey and acetone-induced allodynia tests. The subse-
quent studies demonstrated that chronic stress increased the
adrenal gland index and that the GR antagonist RU can reverse
the delayed recovery of postoperative pain induced by short-term
CUS. This effect of short-term CUS delaying postsurgical pain
recovery seemed to involve the regulation of the hypothalamus-pi-
tuitary-adrenal gland (HPA) axis and cerebrospinal system, specif-
ically, the increase in GR and decreases of PKA, pCREB, and BDNF
protein levels in the DH, DRG, and emotion-related brain regions
such as the amygdala, anterior cingulate cortex, and insular cortex.

Acute postoperative pain is followed by persistent pain in
10%-50% of individuals after common operations (Kehlet et al,,
2006). It differs from other gradual (such as fibromyalgia) or
sudden unpredictable damage (such as trauma-induced nerve
damage) (Kundermann et al., 2004; Huang et al., 2014; Vanini et
al.,, 2016), where the surgical patients know in advance the pre-
cise time of the physical damage and subsequent pain (Roehrs
et al., 2006). These conditions increase preoperative anxiety and
depression and affect preoperative sleep, thereby causing stress
(Wang et al., 2012). Identifying the risk factors that affect postop-
erative pain during the perioperative period can help us predict
which patients may experience prolonged recovery and provide
an opportunity to effectively manage postoperative pain. Chronic
stress increases the basal pain threshold and exacerbates exist-
ing pathological pain (Raymond et al.,, 2001; Huang et al., 2014).
However, most surgical patients have normal physical and mental
health and normal pain threshold before the operation, although
they have a certain degree of stress before and after the operation
(Wang et al., 2015). Whether this short-term chronic stress affects
postoperative pain recovery in surgical patients is still elusive.

This study established an animal model of mild depression. In
this model, after the mice were subjected to CUS twice a day for
7 consecutive days, the freezing time of the mice in the FST was
significantly increased, the preference for sucrose rate decreased
in the SPT, and the adrenal gland index level was significantly
increased, but the basal response to mechanical and cold stim-
uli hardly changed. The presurgery stress animal model that we
established successfully simulates the clinical situation where
most patients undergoing incision surgery have mild depression
before surgery, but the basal pain threshold has not changed.
More importantly, we found that the short-term CUS leads to
mild depression and postpones pain recovery after surgery, as



evidenced by the reduction of the hind PWT in response to nox-
ious mechanical and cold stimuli, which indicates the exacerba-
tion of pain. It is possible that the specific molecular biological
changes in both the central nervous and peripheral system ini-
tiate negative regulation of downstream postreceptor signal cas-
cade and neuroprotective function during chronic stress, leading
to persistent pain after surgery.

Stress hormones such as GSs play an important role in a
series of physiological processes such as inflammatory and
immune responses in the brain and peripheral system (Neeck
et al.,, 2002). Endogenous GS are mainly produced by the adre-
nal gland; cortisol is mainly produced in humans, and corti-
costerone is mainly produced in rodents (Wang et al., 2015).
Stress-induced anxiety and depression activate the HPA axis
and promote the release of GS. During the stress process, GS in
the plasma increase significantly, thereby gradually activating
the GR (Abraham et al., 2000). Previous studies suggest that GS
can exacerbate pain-like behaviors and participate in the devel-
opment of depressive stress; it therefore can be speculated that
GS plays an important role in mild depression-induced persis-
tent postoperative pain (Blackburn-Munro et al., 2003; Cao et
al., 2015). Our research showed that the short-term CUS tran-
siently activated the HPA axis as reflected by the increased
adrenal gland index and GR expression. These results were con-
sistent with previous studies that suggested short-term CUS
induced corticosterone secretion in mice and subsequent GR
activation (Willner et al., 1992; Xu et al., 2006, 2013; Ding et al.,
2014). Indeed, different brain regions, particularly in the lim-
bic system, act in concert to mediate stress-related depression
and/or anxiety (Ding et al., 2014). It is possible that compen-
satory adaptation was triggered in these brain regions mani-
fested as activation or inhibition of GRs (Ding et al., 2014; Xu et
al., 2019). The present study showed GR activation after stress
plus incision, as evidenced by increased GR expression in dif-
ferent brain regions that were related to pain response. Further
results suggested that the GR antagonist RU reversed the
delayed recovery of postoperative pain induced by short-term
CUS, indicating that the GR antagonist blocked the activation
of GRs to eliminate the postsurgical pain recovery prolonga-
tion in stressed mice. These findings are consistent with pre-
vious studies that demonstrate that GR is highly expressed in
emotion- and pain-related areas (Lerch et al., 2017; Luo et al.,
2022). In addition to high expression in the brain regions such
as hippocampus, amygdala, anterior cingulate cortex, and insu-
lar cortex (Myers et al., 2010; Baliki et al., 2015; Barthas et al.,
2015), GR is broadly expressed in neurons of the DH and DRG
(Condon et al., 1998; Villagra et al., 2004;Wang et al., 2005; Gu
et al., 2011). Our research showed that the increased adrenal
gland index and GR levels in the DRG, DH, and brain regions
related to emotional changes exacerbate persistent surgical
pain, which indicates that the dysfunction of the HPA axis par-
ticipates in CUS-induced pain prolongation. GR is negatively rel-
evant to cyclic adenosine monophosphate (cAMP) activation in
the brain. cAMP plays a key role in the intracellular signal cas-
cade amplification and regulation of cell physiological activities
and material metabolism. cAMP signaling is related to chronic
pain and major depressive disorder (Zhu et al., 2018) and has
been considered a potential target for the treatment of depres-
sion-pain disorders. G-protein coupled receptors (Gi or Gs) first
transmit extracellular signal molecules to adenylate cyclase,
thereby activating the second messenger cAMP in the cell, acti-
vating PKA and further triggering the downstream transcription
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factor pCREB to synthesize the corresponding functional pro-
tein (Lonze et al., 2002). pCREB combines with the classic down-
stream target gene of CREB, BDNF by CREB (Ge et al., 2015), and
regulates early and late gene transcription. Previous studies
found that dysregulation of the HPA axis decreased pCREB and
corresponding functional protein expression, such as BDNF,
thus inducing neurological damage (Bayatti et al., 2005; Liet al.,
2018). Studies have also shown that depression is comorbid with
chronic pain, and, consistent with our findings, chronicization
of acute pain inhibits the expression of pCREB/BDNF-related
proteins (Zhu et al., 2018). In the present study, the decreased
expression of PKA, pCREB, and BDNF in the pain-/emotion-re-
lated areas of the brain may contribute to short-term CUS-
induced persistent postsurgical pain. Further experiments are
needed to verify the causal relationship between activation of
GR and inhibition of its downstream PKA-CREB-BDNF signaling
pathway in short-term stress-related pain recovery.

In summary, the present study demonstrated short-term CUS-
induced postsurgical pain prolongation. The increased expression
of GRin the neurons of the DH, DRG, amygdala, anterior cingulate
cortex, and insular cortex in stress plus surgery mice triggered a
series of downstream signaling changes, such as the decreased
expression of PKA and decreased ratio of pCREB/CREB and BDNF,
indicating that persistent postsurgical pain is related to dysfunc-
tion in the HPA axis-dependent cAMP/PKA/pCREB/BDNF signal-
ing pathway.
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