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Abstract

Background

Cannabinoid receptor 1 (CB1R) in the rostral ventromedial medulla (RVM) of rats has been shown to
exert antinociceptive effects by altering synaptic plasticity in inflammatory and neuropathic pain models.
However, the role of CB1R in the central sensitization due to paradoxical sleep deprivation (PSD) is
unclear.

Methods

Male Sprague-Dawley rats were subjected to PSD for 24 hours one day before surgery, and then a plantar
incision model was established. Mechanical threshold was used to evaluate hyperalgesia. The mRNA
and protein levels of CB1R in RVM were detected by qRT-PCR and western blotting. WIN-55,212-2(a CB1R
agonist) and SR141716(a CB1R antagonist) were injected into RVM, the expression of CB1R was
detected by immunofluorescence, the mRNA and protein levels of CB1R in the RVM were again detected,
and the pain degree was assessed by mechanical threshold. To investigate the role of CB1R in the
process of central sensitization.

Results

We found that a 24-hour period of PSD before surgery significantly increased pain sensitivity and
duration of postoperative pain in rats after incisional surgery. Compared with rats that received only
plantar incision, preoperative PSD for 24 h increased CB1R expression in the RVM of rats after incision.
Furthermore, the injection of CB1R agonist into the PSD and incisional model rat RVM 1 day after surgery
significantly reduced pain, while the CB1R inhibitor increased nociceptive hypersensitivity.

Conclusions

These data reveal that activation of CB1R in the RVM alleviates preoperative PSD-induced incision pain
sensitization. Activation of CB1R might have a positive effect on the prevention of pain sensitization
after PSD by reducing central sensitization.

1. Introduction

Most patients who undergo surgery experience acute postoperative pain, but less than half experience
adequate relief after surgeryl'l. Within the first seven days following surgery, 63% of patients with acute

postoperative pain report stable and persistent high or moderate painl2. Postoperative pain is injurious
pain that can develop into chronic postoperative pain or persistent postoperative pain if it is not

adequately managed in the initial statel® 4. With in-depth research on the mechanism of pain,
perioperative paradoxical sleep deprivation (PSD) was found to be one of the important risk factors for

postoperative pain[5]. There is a close correlation between sleep quality and pain, and insufficient sleep
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may lead to pain sensitization, while improving sleep quality can help reduce pain sensitivity[G]. However,
the role of PSD in postoperative pain is often underestimated, and its impact on postoperative pain has
not been paid attention to and studied.

It is well known that the rostral ventromedial medulla (RVM) is central structure in the downstream
facilitative and inhibitory modulatory system of pain, receiving projections from the hypothalamus and
periaqueductal gray matter of the midbrain upward and exerting facilitative or inhibitory modulatory
effects on pain downward through the spinal cord"l. In inflammatory pain, nerve and visceral pain model,
has confirmed that the RVM downward promoting effect on hyperalgesial®~'%. In addition to the input of
nociceptive stimuli, sleep disturbances have also been shown to activate the descending facilitation
pathway of RVM and cause hyperalgesial''l.

The RVM region contains a large number of cannabinoid receptor 1 (CB1R), which induces
antinociceptive sensitization, and acute painful stimuli and stress increase their levels in this region [2,
13l CB1R acts by regulating the ratio of synaptic plasticity to excitability and inhibition'%l. It can inhibit or
excite the central nervous system, thereby achieving analgesic or sensitizing effects'. Reverse signal
transduction is the main mechanism of synapse plasticity mediated by CB1 R[Sl AEA and 2-AG are the
most representative endocannabinoids, which are produced in the body on demand and play an
important role in pain regulation“ 5,161 Endocannabinoids are a class of signal molecules produced and
released in the postsynaptic membrane, and are used in the presynaptic membrane CB1 R[] When
cannabinoids bind to CB1R, the release of corresponding neurotransmitters will be reduced, thus
regulating various physiological functions such as pain perception and emotion regulation[”].However,
no study has confirmed whether CB1R is involved in PSD-induced nociceptive hypersensitivity.

2. Materials and methods
2.1 Animals

We purchased adult male Sprague-Dawley rats (8—10 weeks, 270-300 g) from the animal laboratory of
Gansu University of Traditional Chinese Medicine (Gansu, China). The use of animals was approved by
the Animal Protection and Use Committee of the Research and Experimental Center of Gansu University
of Traditional Chinese Medicine. Animals were housed in an environment with a temperature of 23°C +
2°C, humidity of 40—-50%, and a 12-hour light/dark cycle, and had free access to food and water. All
experimental protocols were approved by the Ethics Committee of Gansu University of Traditional
Chinese Medicine and complied with the ethical guidelines of the International Association for the Study
of Pain.

The rats were divided into six groups, including group C (normal rats), group P (rats with 24-h
preoperative PSD), group | ( plantar incision rats), group P-I (rats with 24-h preoperative PSD followed by
a plantar incision), group P-I-S (rats with 24-h preoperative PSD followed by a plantar incision and
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injected with the CB1R agonist SR141716 into the cerebral RVM on the day after the operation) and
group P-I-W (rats with 24-h preoperative PSD followed by a plantar incision and injected with the CB1R
agonist Win 55, 212-2 into the cerebral RVM on the day after the operation).

2.2 PSD

The sleep deprivation model in rats was created using the modified multiple platform method (MMPM).
A polypropylene tank of 50 cm by 50 cm by 30 cm with six wooden columns with the same spacing,
each measuring 6.5 cm in diameter and 8 cm in height. The tank was filled with warm water at 24°C, with
the level 2 cm below the tops of the columns. The platforms of the columns allowed the rats to walk
freely between them, but they were unable to rest between the two columns. Because their leg muscles
relaxed and their muscular tension decreased during REM sleep, the rats on the platforms were
compelled to stay awake by contacting the water or falling into it. The top of the apparatus allowed the
rats to freely consume food and water while they were sleep-deprived. Rats in the control group were
placed in the same device as the experimental group, but the device was not filled with water, and the
rats were allowed to move around and rest freely for the entire 24 hours of acute PSD from 8:30 am to
8:30 am the following day.

2.3 Plantar incision

Under sevoflurane general anesthesia, the plantar surface of the right hind paw of rats was sterilized
using the rat plantar incision pain paradigm developed by Brennan's research team!'8]. With a No. 11
blade, a 1-cm longitudinal incision was made, encompassing the skin, fascia, and metatarsal muscles,
and a 1-cm longitudinal incision was made 0.5 cm from the heel's edge. The skin was then stitched
together with two rows of 4 - 0 antimicrobial absorbable suture after the excised metatarsal muscles
were longitudinally incised and cleaned with sterile gauze until bleeding ceased. After surgery, the rats
were kept in a thermostatic cage for two hours to aid in healing.

2.4 Behavioral Testing

Cumulative pain scores

Unrestrained animals were placed on a raised plastic mesh floor in a clear plastic chamber and allowed
to acclimate for 30 minutes. The foot of the incision was visualized using an angled magnifying glass.
Each animal was closely observed for 1 min at 5-min intervals for 1 hour. A score of 0, 1, or 2 was
assigned depending on where the foot was found during the scoring period. If the plantar portion of the
hind paw was white or distorted by the grid, the foot was scored as fully weight bearing (score = 0). If the
foot was completely off the grid, the score was 2. If the plantar portion of the hind paw was in contact
with the mesh and not whitened or distorted, a score of 1 was assigned. The sum of the 12 scores (0-
24) was calculated and recorded as the cumulative pain score.

Paw withdrawal threshold
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The rats were placed in a plastic chamber on a raised mesh floor (grid 8 x 8 mm) and allowed to
acclimatize to the environment for 30 min, until the rats were quiet (no longer looking around). A
calibrated von Frey wire (Rayward Life Technologies LTD., Nanshan District, Shenzhen, China) was used
to slowly and gently stimulate the mid-sole of the hind limb of the rat to be tested, causing the fiber wire
to bend for a few seconds, and the rat's foot-contraction response was observed. Fiber filaments were
applied through an opening in the mesh floor under the plastic chamber, starting with 2.0-size filaments.
Apply the filament vertically to the area near the medial heel wound for 6s or until the animal retracts its
hind paw. Rapid lifting, shaking, or licking of the hind paw is considered a positive response and is
labeled "X"; if no response is made, it is considered negative and is labeled "O".

2.5 Microinjection of CB1R agonist or antagonist within
RVM

The rats in the PSD-incision + CB1R antagonist group and the PSD-incision + CB1R agonist group were
anesthetised with a mixture of 5% isoflurane and oxygen 1 day after the plantar incision model was
established, and 1.2-1.5% isoflurane was delivered to the animals through the nose cone to maintain
anesthesia, and the hair on the top of the head was shaved. Fixed on a brain stereotaxometer (one-arm
brain stereotaxometer), iodophor was used to disinfected the skin on the top of the head, cut the skin
along the middle of the top of the skull with a scalpel, expose the skull, separate the periosteum of the
skull with a cotton swab, fully expose the anterior fontanel and posterior fontanel, and flatten the
fontanel (the anterior fontanel and posterior fontanel of rats are on the same plane with an error of no
more than 0.03mm), and determine the RVM region according to the stereotaxic map of the rat brain:
10—-12 mm below the bregma, 0—-2 mm on the left and right side of the midline of the brain. After drilling,
a 5ul microsyringe was vertically inserted into the brain tissue, and the depth was 9—10 mm from the
periosteum of the skull. Slow injection of drug CB1R antagonists (30 pg/ piece; SR141716) or CB1R
agonist (30 pg/ piece; Win 55, 212-2) and 0.2 pl methylene Blue injection. After the injection is
completed, the microsyringe stays for 10 minutes and slowly pulls out, seals the hole with bone wax, and
sutured the skin. All rats were infiltrated subcutaneously with 1 ml ropivacaine (0.5%) around the incision
for postoperative analgesia. The accuracy of injection site was determined according to the location of
methylene blue dye during anatomy, and rats with incorrect injection location were excluded from the
study.

2.6 Real-Time PCR

Total RNA was extracted from RVM tissues using the SteadyPure Universal RNA Extraction Kit, and the
purity of RNA was determined by UV spectrophotometer, and its OD value of 260/280 was 1.90-2.10,
which was acceptable for reverse transcription. The Evo M-MLV Reverse Transcription Kit was used for
reverse transcription of total RNA, and gRT-PCR was performed according to the instructions of SYBR
Green Pro Taqg HS gqPCR Kit. The expression of the corresponding mRNAs in each group was calculated
by the 2-AACt method, using GAPDH as an internal reference and group C as a blank control.

List of gRT-PCR primer sequences
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Gene name Primer sequence 5' - 3' Length (bp)
CNR1 F- AGGAGAACTTACTGTGAACAGGC 23

R- GGTCTGTGGTGATGGTACGG 20
GADPH F- GACATGCCGCCTGGAGAAAC 20

R- AGCCCAGGATGCCCTTTAGT 20

2.7 Western blotting

Total protein was extracted from RVM tissues by cracking in RIPA buffer containing protease inhibitor,
and the protein concentration was determined by BCA kit. Proteins were separated by SDS-PAGE gel
electrophoresis (5—-12%) according to their molecular weight and transferred to PVDF membrane. It was
enclosed with 5% skim milk powder at room temperature for 2 h and incubated with primary antibody
(for CB1R). After overnight in the refrigerator at 4 °C, the diluted goat anti-rabbit secondary antibody
(1:8000) was added and incubated at room temperature for 2 h. Finally, the configured ECL luminescent
droplets were placed on the PVDF membrane and exposed in the automatic gel imaging analyzer to
obtain WB bands. Repeat the measurement 3 times.

2.8 Immunofluorescence assay

The rats were deeply anesthetized with sevoflurane, followed by left ventricular perfusion with pre-cooled
PBS to flush the blood, and then pre-fixed with pre-cooled 4% Paraformaldehyde (PFA), and then PBS
perfusion again to flush away the residual PFA. The RVM region of rat brain tissue was quickly separated
after perfusion and fixed in a centrifuge tube with 4% PFA. The next day replace with 20—30% sucrose
solution for overnight dehydration. After dehydration is complete, spinal cord Tissue is encapsulated
with tissue-TEK O.C.T. and stored in a -80°C refrigerator. Frozen microtome was used to cut the
embedded tissue into slices with a thickness of 30um and placed in PBS solution after cutting. During
the experiment, sections of medulla oblongata with complete shape and symmetry were selected and
placed into the hybrid tube (about 25-30 pieces in each tube). First, the membrane was permeated with
0.1% Triton X-100 solution at room temperature for 30 minutes, and then cleaned with PBS for 3 times
for 15 minutes each time. It was then sealed with a sealing solution containing 5% donkey or goat serum
at room temperature for 1-2 hours. After blocking, corresponding antibodies were added (Rabbit Anti-
CB1R, 1:500, Abcam, USA; Rabbit resistant BDNF, 1:500, Abcam, USA) in a 4°C refrigerator overnight. On
the second day, the non-specific binding of the primary antibody was eluted with 0.5% PBST solution (15
minutes, 3 times). After that, the corresponding fluorescent secondary antibody was added and
incubated at room temperature for 1-2 hours, and then cleaned with 0.5% PBST (15 minutes, 3 times). In
the case of immunocolocalization experiments, a primary or secondary antibody of the protein to be
labeled is added at the same time when the antibody is incubated. Finally, the medulla oblongata slices
were pasted on the slide, dried and then sealed with anti-fluorescence quenching sealing solution.
Images were taken by confocal laser scanning microscope, and the fluorescence intensity of different
proteins was quantified by Image J software.
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2.9 Statistical analysis

The grouping of animals was not known to the experimenter conducting the behavioral tests. All data are
expressed as mean + standard error of the mean (SEM) unless otherwise stated. Each set of data was
first tested for normal distribution, and data conforming to a Gaussian distribution were used for
parametric analysis. Student's t-test (paired or unpaired) was used for comparisons between two groups
and one-way ANOVA was used to analyze differences between more than two groups, followed by Tukey
post hoc comparisons. When two independent variables were considered, a two-way ANOVA was used.
The experiment was repeated at least three times for each group. All statistical analyses and data
plotting were done by Graphpad Prism 9.0 (GraphPad Inc., San Diego, CA, USA). All tests were two-tailed,
with statistical significance set at P<0.05.

3. Results

3.1 Preoperative 24h PSD significantly aggravated incision-
induced pain hypersensitivity

Basal pain thresholds in either group were unaffected by the preoperative 24-hour PSD (P> 0.05). After
the plantar incision, paw withdrawal thresholds decreased and cumulative pain scores increased in rats
and gradually returned to baseline values on day 9 (P> 0.05). Additionally, rats with preoperative 24h PSD
showed lower paw withdrawal thresholds and higher cumulative pain levels at 1, 4, and 7 days post-paw
incision compared to rats with paw incision alone (P< 0.05) (Fig. 1A, B).

3.2 Preoperative 24h PSD markedly elevated the expression of CB1R in the RVM region of control and
incision rats

The levels of CB1R proteins in the RVM area of rats were measured in four groups: Control, PSD, Incision,
and PSD and incision. Rats in groups PSD, Incision, and PSD and incision had significantly higher levels
of CB1R proteins in the RVM area on postoperative day 1 compared to their levels before the incision (P
< 0.05). These levels gradually returned to normal on day 9 in groups Incision, and PSD and incision (P>
0.05), as shown in Fig. 2A, B. Additionally, rats in the PSD and incision group had higher levels of CB1R
protein in the RVM area on postoperative day 1 compared to rats in the Incision group (P< 0.05) (Fig. 2A,
B). Compared with the rats before incision, the expression levels of CBTR mRNA in RVM area of group
Incision and group PSD and incision were significantly increased on the 1st and 4th day after surgery,
and gradually recovered to normal in group Incision on the 7th day after surgery, and gradually recovered
in group PSD and incision on the 9th day after surgery (Fig. 2C). Compared with group Incision, the
expression levels of CBTR mRNA in RVM area of PSD and incision group were significantly increased at
1, 4 and 7 days after surgery (P< 0.05) (Fig. 2C).
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3.3 CB1R agonists in the RVM area reduce pain
hypersensitivity, while CB1R antagonists worsen it

In the P-I group, a CB1R agonist injection was administered into the RVM area of the brain one day after
surgery. This led to a decrease in cumulative pain scores and an increase in paw withdrawal thresholds
observed at 1, 4, and 7 days after surgery when compared to the P-I group (P< 0.05) (Fig. 3A, B). these
measures had gradually returned by day 9. Conversely, an injection of a CB1R antagonist into the RVM
region of the P-I group resulted in increased cumulative pain scores and decreased paw withdrawal
thresholds at 1, 4, and 7 days when compared to the control group (P< 0.05) (Fig. 3A, B). By day 9, these
measures had gradually returned.

: paradoxical sleep deprivation and incision + CB1R agonist, P-l + SR: paradoxical sleep deprivation and
incision + CB1R antagonist.

3.4 In the RVM, CB1R agonists upregulate the expression of CB1R, whereas CB1R antagonists
downregulate the expression of these receptors

Our results showed that, when CB1R agonists were injected into the RVM area of rat brains, there was an
increase in CB1R mRNA content and protein expression (Fig. 4B, C, E). Conversely, when CB1R inhibitors
were injected, both CBT1R mRNA content and protein expression decreased (Fig. 4B, C, E). According to
our immunofluorescence findings, CB1R agonist therapy markedly increased CB1R expression in the
RVM area (Fig. 4D, E). In contrast, CB1R expression was markedly reduced by CB1R inhibitors in the
medullary RVM area (Fig. 4D, E).

4. Discussion

According to the findings of the current study, a 24-hour preoperative sleep deprivation (PSD)
considerably increased the responsiveness of incisional pain and lengthened the time it took for pain to
subside. Furthermore, the rostral ventromedial medulla (RVM) of both normal and plantarly incised rats
showed elevated CB1R protein expression two days following a 24-hour sleep deprivation. Injecting a
CB1R agonist into the RVM on the first postoperative day could considerably lessen the PSD-induced
postoperative pain hypersensitivity, whereas injecting a CB1R inhibitor could make it worse. Taken
together, these findings suggest that CB1R mediated synaptic plasticity changes in the RVM region are
involved in PSD induced postoperative pain sensitization in incision rats. Activating CB1R in the RVM
region can help alleviate postoperative incision pain sensitization induced by PSD.

About 30% of the world's population suffers from sleep deprivation, and sleep deprivation has become a
major threat to human health'®]. Disturbance of any stage of sleep can lead to increased sensitivity to

pain, and different sleep stages produce different degrees of increased sensitivity to pain[zol. Another
study showed that perioperative continuous REM sleep deprivation of 6 hours/day for 3 days extended

the duration of postoperative paint2!l, while restored sleep can produce analgesic effects?2. In this
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study, we developed an animal model of preoperative 24-hour PSD, and our results demonstrated that
PSD enhanced postoperative incisional pain hypersensitivity. These results agree with earlier data from
the literature.

CB1R located in the presynaptic membrane is closely associated with functions such as stress,

nociception, memory and emotion regulation!23-26l. CB1R can alter synaptic plasticity and regulate the
excitation-inhibition ratio, which in turn inhibits or excites central sensitization and exerts analgesic or

sensitizing effects!'. Reverse signaling is the main mechanism by which CB1R mediates synaptic
plasticity[24]. Recent studies have shown that sleep deprivation increases CB1R expression in lateral
hypothalamic structures!?’], and that CB1R agonists reduce abdominal pain by suppressing visceral
sensation(28l,

In models of pain such as neuropathic pain, inflammatory pain, visceral pain, and other acute and
chronic pain, CB1R agonists have demonstrated the ability to relieve pain-like behavior in rats, while

CB1R inhibitors have the potential to enhance pain sensitivity in rats!24 28-30 we have shown that
microinjections of CB1R agonists into the RVM suppress PSD-induced pain sensitization at 1, 4, or 7
days after incision. Conversely, microinjections of CB1R inhibitors into the RVM exacerbate PSD-induced
pain sensitization.

In conclusion, this study suggests that PSD 24 hours before plantar incision caused increased
postoperative pain hypersensitivity and increased presynaptic CB1R expression. Interfering with the
CB1R is expected to offer a unique approach to the treatment of postoperative pain in an effort to
prevent the transition from acute to chronic post-operative pain.
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Figure 1

(A) Cumulative pain scores before surgery and at 1, 4, 7 and 9 days after surgery; (B) paw withdrawal
thresholds before surgery and at 1, 4, 7, and 9 days after surgery. *P< 0.05, compared with baseline
values; #P < 0.05, compared with incision only, P< 0.05; n = 6 rats per group. Bonferroni's test of two-
factor ANOVA was used for statistical analysis. PSD: paradoxical sleep deprivation; CPS: Cumulative
pain score; PWT: paw withdrawal thresholds; pre: Before plantar incision; Days: Days before and after.
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Figure 2

(A) Band map of CB1R protein expression in the RVM on day 1 and 9 after surgery; (B) The expression
level of CB1R protein in the RVM on the 1st and 9th day after surgery. (C) Relative expression levels of

CB1R and BDNF mRNA in the RVM of rats in each group. *P < 0.05, compared with baseline values; #P <
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0.05, compared with control group; n = 6 rats per group. PSD: paradoxical sleep deprivation; Days: Days
before and after.
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Figure 3

(A) Cumulative pain scores before surgery and at 1, 4, 7 and 9 days after surgery; (B) paw withdrawal
thresholds before surgery and at 1, 4, 7, and 9 days after surgery. *P. Compared with the preoperative
baseline value, P< 0.05; ¥ P Compared with only plantar incision group, P< 0.05; n = 6 rats per group.
Bonferroni's test of two-factor ANOVA was used for statistical analysis. PSD: paradoxical sleep
deprivation; CPS: Cumulative pain score; PWT: paw withdrawal thresholds; pre: Before plantar incision;
Days: Days before and after; P-I+Win

: paradoxical sleep deprivation and incision + CB1R agonist, P-I+SR: paradoxical sleep deprivation and
incision + CB1R antagonist.
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(A) Band map of CB1R protein expression in the RVM on day 1 and 9 after surgery; (B) The expression
level of CB1R protein in the RVM on the 1st and 9th day after surgery. (C) Relative expression levels of
CB1R mRNA in the RVM of rats in each group. (D) Immunofluorescence staining assay of CB1R in the
RVM on the 1st and 9th day after surgery. (E) CB1R immunoreactivity in the RVM on the 1st and 9th day

after surgery. *P< 0.05, compared with baseline values; #P< 0.05, compared with control group; **** p <
0.0001. n = 6 rats per group. Days: Days before and after. P-I: paradoxical sleep deprivation and incision,
P-I-W: paradoxical sleep deprivation and incision + CB1R agonist, P-I-S: paradoxical sleep deprivation and
incision + CB1R inhibitor
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