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Abstract

Recent studies have shown that the incidence of chronic primary pain (CPP) including
temporomandibular disorders (TMD) and fibromyalgia syndrome (FMS) often exhibit
comorbidities. We recently reported that central sensitization and descending facilitation

system contributed to the development of somatic pain hypersensitivity induced by orofacial
inflammation combined with stress. The purpose of this study was to explore whether TMD
caused by unilateral anterior crosshite (UAC) can induce somatic pain hypersensitivity, and
whether the cholecystokinin (CCK) receptor-mediated descending facilitation system promotes
hypersensitivity through neuron-glia cell cascade signaling. UAC evoked thermal and mechanical
pain hypersensitivity of the hind paws from day 5 to 70 that peaked at week 4 post UAC.

The expression levels of CCK1 receptors, IL-18 and IL-18 receptors (IL-18R) were significantly
up-regulated in the L4-L5 spinal dorsal horn at 4 weeks post UAC. Intrathecal injection of CCK1
and IL-18 receptor antagonists blocked somatic pain hypersensitivity. IL-18 mainly co-localized
with microglia, while IL-18R mainly co-localized with astrocytes and to a lesser extent with
neurons. These findings indicate that the signaling transduction between neurons and glia at the
spinal cord level contributes to the descending pain facilitation through CCKZ1 receptors during the
development of the comorbidity of TMD and FMS.

1 Address reprint requests to Dong-Yuan Cao, PhD, Key Laboratory of Shaanxi Province for Craniofacial Precision Medicine
Research, Xi’an Jiaotong University College of Stomatology, Xi’an, Shaanxi 710004, China. , dongyuan_cao@hotmail.com. 2Address
reprint requests to Richard J. Traub, PhD, Department of Neural and Pain Sciences, School of Dentistry, University of Maryland
Baltimore, Baltimore, MD 21201, USA. , rtraub@umaryland.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review

of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors state they have no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xiang et al. Page 2

Keywords
Cholecystokinin; IL-18; Temporomandibular disorders; Fibromyalgia syndrome; Comorbidity

1. Introduction

Pain is an unpleasant sensory and emotional experience associated with actual or

potential tissue damage or similar experiences’2. Chronic primary pain (CPP), such as
temporomandibular disorders (TMD) and fibromyalgia syndrome (FMS), has become a
serious health problem in clinical practice and has not been satisfactorily resolved due, in
part, to an unclear mechanistic understanding®l. TMD is a common disease of the oral

and maxillofacial region. TMD patients often present with masticatory muscle pain, joint
pain, and abnormal jaw movement. FMS is a disease with chronic systemic musculoskeletal
pain and somatic hyperalgesia. Studies have shown that TMD is often comorbid with FMS,
10%-18.4% of FMS patients have symptoms of TMD, and 71%-94% of TMD patients
may suffer from FMS simultaneously#8. Recently, we found that different modes of stress
induced widespread somatic pain hypersensitivity in female rats with orofacial muscle
inflammation, establishing a comorbid animal model to investigate the mechanisms of the
FMS and TMD?36: 80, We also reported that cholecystokinin (CCK)-dependent descending
facilitation contributed to somatic hypersensitivity in this comorbid pain model.

It has been shown that malocclusion plays an essential role in the development of

TMD by leading to an imbalance of the masticatory system and further development

of TMD?25 74. 86,89 Thys, the primary purpose of this study was to clarify whether
widespread somatic pain hypersensitivity also happens in animals with temporomandibular
joint osteoarthritis (TMJ-OA), which is characterized by cartilage loss, subchondral bone
sclerosis, osteophyte formation’?, and increased levels of cytokines, including IL-1p and
IL-1810. Therefore, we chose a unilateral anterior crossbite (UAC) rat model causing TMJ-
OA to explore whether TMD alone can induce the characteristic symptoms of FMS85,

Primary sensory afferents from the TMJ project to the trigeminal subnuclei interpolaris/
caudalis transition zones (Vi/Vc), and Vi/Vc-rostral ventromedial medulla (RVM) pathway
facilitated orofacial hyperalgesia’®. Therefore, we hypothesized that widespread pain
hypersensitivity induced by TMD may be related to the activation of the descending
facilitation system. CCK is an important neurotransmitter in the central nervous system
(CNS) and can promote pain sensitization by activating a descending facilitatory
pathway?4 43, thus whether CCK and its receptors in the spinal cord contribute to the
widespread pain hypersensitivity induced by UAC was investigated.

Accumulating evidence demonstrates that sustained increases in cytokine and chemokine
expression in the CNS promotes chronic widespread pain2’. Recently, the neuron-glia-
neuron signal as the driving force for the occurrence and maintenance of persistent pain has
attracted more attention3 60. 75 Inflammatory mediators such as chemokines are released
from glial cells38 44, Neuromodulin and chemokines have been widely confirmed as neuron-
microglia specific mediators* 18, 1L-18, as a closely related family member of IL-1p, is an
important regulator of innate and immune response and involved in the process of chronic
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painl’. IL-18 induces signal transduction by binding to its heterologous complex I1L-18 a/p
receptors. IL-18 receptors (IL-18Rs) are expressed on many cell types, including neurons
and glial cells®L: 45, In the dorsal horn of the spinal cord, 1L-18 is uniquely expressed

in microglia and its receptors mainly present in astrocytes, and it plays a key role in the
development and maintenance of mechanical allodynia*. Meanwhile, the early response to
peripheral nerve injury in the CNS is mainly the overactive microglia of the spinal cord
followed by activation and proliferation of astrocytes*2: %4, It has been shown that IL-1p
upregulates genes which are involved in activation of NF-xB cascade associated with CCK
receptor signaling’3. However, there is no report clarifying the relationship between CCK
receptors and IL-18 in the development of pain, and there is no evidence that CCK receptors,
IL-18, and glial cell cascade signals in the development of comorbidities of TMD and FMS.

Therefore, the purpose of this study was to establish a TMJ-OA animal model to explore
whether it can induce widespread somatic pain hypersensitivity in rats, which is a typical
symptom of FMS, and further explore the role of CCK receptors and IL-18-mediated
neuron-glia cell signaling cascade in the spinal cord in the TMD-induced somatic pain
hypersensitivity.

2. Materials and Methods

2.1. Animals

Female Sprague-Dawley rats weighing 180-200 g (about 8 weeks of age) were obtained
from Xi’an Jiaotong University Laboratory Animal Center (Xi’an, Shaanxi, China) and
housed in a climate-controlled room on a 12-hour light/dark cycle (lights on at 7:00

AM). Food and water were available ad libitum. All experiments were approved by the
Institutional Animal Care and Use Committees of Xi’an Jiaotong University and the
Biomedical Ethics Committee of Xi’an Jiaotong University Health Science Center (approved
No. 2019-950), China. The experiments were also adhered to guidelines for experimental
pain in animals published by the International Association for the Study of Pain.

2.2. UAC rat model

Every rat has two pairs of incisors, and the upper incisor occludes the labial side of the lower
incisor ordinarily. UAC surgery was performed on 8-week-old rats according to previous
studies?0. Briefly, after each rat was anesthetized with 2%-3% isoflurane, a section of a
metal tube (length, 2.5 mm; inside diameter, 3 mm) was pasted to the left maxillary incisor
and a curved section of metal tube (length, 4.5 mm; inside diameter, 3.5 mm) was pasted to
the left mandibular incisor. The end of the latter tube was bent to create a 135°-angle leaning
toward the labial side to create a cross-bite relationship between the top and bottom incisors
(Supplemental Figure 1). Each operation was completed within 3 minutes and all efforts
were made to minimize suffering. The tubes were carefully glued with light-curing resin and
inspected every day. During the experiment, the metal tubes were not found to drop off. In
the sham group, the rats experienced the same procedures without fixing the metal tubes so
that the tubes dropped off in a few hours. All animals were fed cylindrical compressed food
pellets.
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2.3. Histological staining and micro—computed tomography (Micro-CT) scanning

UAC and sham operated rats were anesthetized with isoflurane (5%) and sacrificed at 2-
and 4-weeks post-UAC. Based on the previous studies, there were no differences in the
degenerative changes between the left and right TMJs of UAC rats’®. Consequently, the left
TMJ tissues in each group were used for histological analysis which was hematoxylin and
eosin (H&E) staining (n=4), and the right TMJ tissues were fixed in 4% paraformaldehyde
for Micro-CT scanning (n = 4).

As the method reported previously2?, the surface of condylar cartilage was divided equally
into the anterior, middle, and posterior portions (Figure 2B). The thickness of hypertrophic
layer in each section was measured.

Micro-CT was performed on condyles by the Micro-CT imaging facility (Y. Cheetah, Y-
XLON, Germany). The technician performing the scans and analysis was blinded to the
treatment groups. One mandible from each experimental group was dissected, cleaned, and
fixed in 4% paraformaldehyde. The samples (n = 4 per group) were analyzed by micro-CT.
The serial tomographic projections were acquired at 80 kV and 500 mA, with a voxel

size of 8 um, then corrected by the conventional X-rays (0.8 um), and constructed three-
dimensional images for quantitative evaluation. In order to assess the histomorphometry
of the subchondral bone trabeculae, a 0.5 mm x 0.5 mm x 0.5 mm cube was selected in
the center of the subchondral bone central section of the condyle. Then the ratio of bone
volume to tissue volume (BV/TV), trabecular thickness (Th.Th), trabecular number (Th.N)
and trabecular separation (Th.Sp) were measured in the subchondral trabecular area.

2.4. Behavioral tests

Before and after UAC surgery, the thermal withdrawal latency of hind paws, the mechanical
withdrawal threshold of hind paws, upper back and thigh of rats, as well the maxillofacial
mechanical threshold were performed. The specific experimental flowchart is shown in
Figure 1A.

2.3.1. Thermal withdrawal latency—Thermal sensitivity was tested using a plantar
thermal test device (Ugo Balile, Gemonio, Italy). Rats were placed in individual plexiglass
enclosures on a transparent glass plate and allowed 30 minutes to adapt. The dividers
between adjacent rats were non-transparent to reduce mutual interference between rats23,
After the rat adapted (quiet, no exploratory behavior and grooming behavior), the left hind
paw of the rat was stimulated from underneath with infrared radiation. The time from the
start to the end of the thermal stimulation was the thermal withdrawal latency. A cut-off of
20 seconds was set to avoid tissue damage. Each rat was measured three times at an interval
of 5 minutes, and the average value was taken as the final measurement value.

2.3.2. Mechanical withdrawal threshold—The measurement of mechanical
withdrawal threshold was a test method to detect the sensitivity of animal paws to
mechanical stimuli, which was measured with a series of calibrated von Frey filaments
(Stoelting, Wood Dale, IL, USA)’. Rats were individually placed in a transparent plexiglass
enclosure on a stainless-steel wire grid to adapt for 30 minutes. von Frey filaments
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with logarithmically incremental stiffness (0.41-26 g) were used to stimulate the middle
plantar part of the right hindpaw perpendicularly. The mechanical withdrawal threshold was
determined by gradually increasing and decreasing the intensity of the stimulus (“up and
down” method) using the threshold calculation software (JFlashDixon Calcultor, University
of Arizona, USA). Consistent with the mechanical pain threshold test of the hind paw, we
examined the mechanical nociceptive threshold in the other two areas of the body: upper
back and thigh. Each filament was placed perpendicularly to the middle upper back at T12
vertebra level and right thigh. A positive stimulus of the thigh was recorded by flinching,
lifting or licking of the thigh. Flinching to stimulation of the upper back was considered a
positive response.

2.3.3. Maxillofacial mechanical threshold—The threshold of maxillofacial
masticatory muscle was measured with a series of calibrated von Frey filaments (15-100

g). Rats were constrained in the experimenter’s left hand® 9. They were acclimated to the
test environment by normal petting for 2 or 3 days, about half an hour per day, before UAC
surgery. The mechanical threshold of bilateral masseter muscles to von Frey’s filaments
was measured at fixed time points every day. Stimulation was confined to the masseter
muscle area within 1 cm of the left maxillofacial region from the midpoint of the connection
between the outer canthus and the ear canal. A rapid “head shrinking” appearance or
“calling” response is considered a positive reaction to the stimulation!®. Consistent with the
mechanical pain threshold test of the hind paw, the “up and down” method was used.

Intrathecal injection

Rats were anesthetized with 2%—-3% isoflurane, the hair on the low back was shaved, and
the operation area was disinfected. The rat was placed in a prone position to bend the
lumbosacral vertebrae with a round tube underneath the abdomen. A 25-gauge stainless
steel needle attached to a glass microsyringe was inserted into the intervertebral space
between the L4-L5 vertebrae. A quick flick of the tail indicated that the needle entered into
the intrathecal space. IL-18 binding protein (IL-18BP, 1 pg) diluted in phosphate buffered
saline (PBS) or CCK1 receptor antagonist loxiglumide (100 nmol) diluted in saline was
intrathecally injected (i.t.; 10 uL) for 5 consecutive days at 4 weeks post UAC establishment.
The vehicle group was injected with equal volume of saline or PBS. The doses of drugs
were decided based on previous studies3® 82 and our preliminary studies. The specific
experimental flowchart is shown in Figures 1B and 1C.

2.5. Western blot

Rats were anesthetized with isoflurane (5%) and quickly decapitated at 2 and 4 weeks
after UAC surgery. The spinal cord was flushed out with ice-cold saline®. The lumbar
spinal segments (L4-L5) were collected, and the dorsal part of spinal cord was isolated
and stored at — 80 °C until use. Tissues were lysed in RIPA lysis buffer in a mixture

of phosphatase inhibitors and protease inhibitors and centrifuged at 10,000 rpm for 10
minutes at 4°C. The supernatant was collected and the bicinchoninic acid (BCA) method
was used to determine the protein concentration. The protein sample (18 pg) was separated
on 4-12% SDS-PAGE and blotted onto PVDF membrane after denaturation, which was
blocked in blocking buffer for 2 hours, and then incubated with primary antibodies for
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CCKU1 receptor (1:1000, Bioss, bs-11514R, Beijing, China), CCK2 receptor (1:1000, Bioss,
bs-1777R), IL-18 (1:1000, Proteintech, 10663-1-AP, Wuhan, China), IL-18R (1:500, Santa
Cruz Biotechnology, sc-80051, Dallas, TX, USA) and GAPDH (1:4000, Boster, BA2913,
Wuhan, China) overnight at 4°C. After washing, the membranes were incubated with HRP-
conjugated secondary anti-bodies (1:5000) for 2 hours at room temperature. An enhanced
chemiluminescence (ECL) detection system (Thermo Scientific, Waltham, MA, USA) was
used for positive immunoreaction detection. Image J software was used to analyze the
density of immunoreactive bands.

2.6. Immunohistochemistry

2.7. Drugs

Four weeks after the UAC model was established, the rats were deeply anesthetized with
isoflurane (5%), and transcardially perfused with 250 mL of cold saline (4°C) followed by
500 mL of 4% paraformaldehyde. The L4-L5 spinal segments were removed, and post-fixed
in paraformaldehyde for 24 hours. Then the spinal cord was immersed in 30% sucrose

until the spinal cord sank. Paraffin sections (10 pm) were obtained using a microtome

and every six sections were collected in 0.1 M PBS. For immunofluorescence staining,
depending on the type of secondary antibody host, the free-floating slices were blocked
with TBS containing 10% goat serum for 2 hours, and incubated in the primary antibody
overnight at 4°C. The sections were washed in 0.05 M Tris-HCI (pH 7.4; 3 times, 5

minutes each), and then incubated in the secondary antibody for 2 hours at room temperature
and washed. Sections were mounted on slides and covered with glycerin for observation
using a confocal microscope (Pannoramic DESK, P-MIDI, P250, 3D HISTECH, Hungary).
The dilution of antibodies used included anti-IL-18 (1:50, Proteintech, 10663-1-AP),
anti-1L-18R (1:200, Bioss, bs-2615R), anti-NeuN (1:5000, Servicebio, GB13138, Wuhan,
China), anti-glial fibrillary acidic proteins (anti-GFAP, 1:8000, Servicebio, GB12096), and
anti-lba-1 (1:5000, Servicebio, GB131051). Double immunofluorescence showed higher-
magnification photographs in the superficial dorsal horn (layer I-111). To determine the
localization of I1L-18/IL-18R with neurons and glia cells, we examined the colocalization
between IL-18/IL-18R and several biochemical markers. Specifically, six sections per rat
were selected randomly for each group, and 6-8 visual fields per section were captured. The
images of the superficial dorsal horn (layer I-111) of the spinal cord were captured under the
objective lens of x20.

Loxiglumide (MedChemExpress, 107097-80-3, USA) was dissolved in saline and L-18BP
(R&D systems, 119-BP-100, Abingdon, UK) was dissolved in PBS. Saline and PBS have no
consequential effect on spinal cord nociceptive information transmission25.

2.8. Data analysis

All data are presented as mean + SEM. Statistical and figure analyses were performed
using GraphPad Prism 8 software. The #test analysis was used to compare the data of
CCK1, CCK2, IL-18 and IL-18R expression in the L4-L5 spinal dorsal horn, as well as
the quantitative results of Micro-CT between the experimental groups. Two-way ANOVA
was used to compare the data of the thermal withdrawal latency, mechanical withdrawal
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threshold, maxillofacial mechanical threshold and thickness of hypertrophic layer between
the sham and UAC groups at different time points. o < 0.05 was considered significant.

3. Results
3.1. Establishment of TMJ-OA animal model

3.1.1. Histological changes—In the sham group, the condyle cartilage showed normal
tissue structure. Specifically, condyle cartilage includes four layers, namely the fibrous
layer, the proliferative layer, the hypertrophic layer and the endochondral ossification layer
(Figure 2A). However, at 2 and 4 weeks post UAC, OA-like lesions were observed, which
were characterized by reduced number and size of chondrocytes in cartilage, irregular cell
arrangement, nuclear pyknosis, and even cell-free areas. The thickness of the hypertrophic
layer at 4 weeks post UAC was lower than that in the age-matched sham group (Figure
2C). To compare cartilage thickness changes in different portions, the thickness of the
hypertrophic layer in each portion was determined (Figure 2B). The thickness of the
hypertrophic layer in the middle portion at 2 and 4 weeks post UAC establishment was
significantly lower than that of the sham group at the same time point (t-test: 2 weeks: p=
0.0059; 4 weeks: p=10.0470, Figure 2C, E). The hypertrophic layer at the anterior portion
in the UAC group was significantly reduced at 4 weeks (2 weeks: p=0.1257; 4 weeks: p
= 0.0345, Figure 2D). However, the hypertrophic layer at the posterior portion of the UAC
group was similar to the sham group at 2 and 4 weeks post UAC (2 weeks: p=0.1378; 4
weeks: p=0.9425, Figure 2 F).

3.1.2. Morphological parameters of bone tissue—Micro-CT reflects the changes
in the subchondral bone morphology of the condyle in three dimensions, which is a
quantitative indicator of bone structure and bone density (Figure 3A). According to the
micro-CT images, the UAC group showed significant loss of subchondral trabecular bone
at 4 weeks post UAC, which was characterized by an increase in trabecular bone separation
(Th. Sp, p=0.0035 vs. the sham group, Figure 3B) and a decrease in the bone volume
fraction (bone volume/tissue volume, BV/TV, p=0.0008 vs. the sham group, Figure 3C).
The Th.Sp (p = 0.4842) did not change significantly, but the BV/TV significantly decreased
(p=10.0027) at 2 weeks post UAC vs. the sham group. There were no differences in the
trabecular thickness (Th. Th, Figure 3D) and the number of trabeculae (Tb. N, Figure 3E)
at 2 weeks (p=0.6383 and 0.9311, respectively) and 4 weeks (p=0.9573 and 0.3975,
respectively) post UAC compared with the sham group.

2.2 3.2. UAC induces maxillofacial pain sensitization, thermal hyperalgesia in hind
paw and mechanical allodynia in hind paw, upper back and thigh: All rats were
healthy, but there was a decrease in body weight in the UAC group compared to sham

rats (two-way ANOVA, Fi3 238 = 0.5244, p = 0.9084 for interaction; £y p3g = 25.58, p<
0.0001 for time factor; Fy3 238 = 14.24, p< 0.0001 for group factor, Supplemental Figure
2). UAC reduced maxillofacial mechanical pain threshold, thermal withdrawal latency and
mechanical withdrawal threshold in the hind paws, upper back and thigh of rats compared
to baseline. There were no statistical differences between the UAC group and the sham
group at the baseline level. On the first day after the UAC was established, the maxillofacial
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mechanical threshold decreased significantly, which was most obvious on the 4th day post
UAC, then it gradually blocked on the 8th and 12th days post UAC (left masseter: two-way
ANOVA, Fy3 102 = 2.596, p=0.0038 for interaction; Fy 19 = 7.946, p=0.0182 for time
factor; F13130 = 3.184, p=0.0004 for group factor, Figure 4A, right masseter: two-way
ANOVA, Fy3 102 = 2.108, p=0.0196 for interaction; £y 19 = 8.430, p= 0.0157 for time
factor; F13130 = 2.511, p=0.0042 for group factor, Figure 4B). There was no difference
in the maxillofacial mechanical threshold between the left and right masticatory muscles
(UAC: two-way ANOVA, Fy3 130 = 0.3555, p= 0.9806 for interaction; /19 = 0.1020, p

= 0.7560 for time factor; 13 130 = 6.603, p < 0.0001 for group factor, Figure 4C; sham:
two-way ANOVA, Fi3 104 = 1.156, p=0.3222 for interaction; F; g = 1.740, p= 0.2236 for
time factor; /13104 = 1.029, p= 0.4297 for group factor, Figure 4D).

Following UAC thermal and mechanical sensitivity increased in the hind paws. The thermal
withdrawal latency of the hind paws was significantly decreased in the UAC group
compared to sham (two-way ANOVA, fg 70 = 2.955, p= 0.0049 for interaction; £y 19 =
85.69, p < 0.0001 for time factor; fg 9o = 8.348, p < 0.0001 for group factor, Figure 5A).
Likewise, the mechanical withdrawal threshold of the hind paws in the UAC group was
significantly lower compared with the sham group (two-way ANOVA, Fg 70 = 3.322, p=
0.020 for interaction; £ 19 = 8.316, p= 0.0163 for time factor; /g g9 = 2.958, p= 0.0040

for group factor, Figure 5B). In order to further confirm the somatic pain hypersensitivity
induced by UAC, in a separated group we examined the mechanical nociceptive threshold in
other two areas of the body: upper back and thigh of rats. There were significant differences
among groups in the mechanical withdrawal threshold in the upper back (two-way ANOVA,
F9 180 = 2.559, p=0.0086 for interaction; £y 159 = 61.48, p < 0.0001 for time factor; g 150
=2.631, p=0.0070 for group factor, Figure 5C) and the thigh of rats (two-way ANOVA,

Fo 180 = 3.998, p=0.0001 for interaction; F 159 = 161.1, p < 0.0001 for time factor; /g 159 =
4.203, p< 0.0001 for group factor, Figure 5D). In the sham group there was no effect in the
thermal withdrawal latency or mechanical withdrawal threshold compared to baseline. Taken
together, these findings indicate that UAC induces widespread somatic pain hypersensitivity,
a typical characteristic observed in patients with FMS.

3.3. CCK1 receptors are involved in the somatic pain hypersensitivity induced by UAC

CCK is a neuropeptide with abundant content and wide distribution in the CNS. It has been
shown that CCK can promote pain sensitization by activating descending facilitation from
the PAG and RVM“3. To explore whether spinal CCK receptors contribute to UAC-induced
widespread pain hypersensitivity in the hind paws, we investigated the protein expression
of CCK receptors in the L4-L5 spinal dorsal horn, the site of spinal nociceptive signal
processing related to the hind limbs. The Western blot data showed that the expression of
CCK1 receptors significantly increased in the UAC group compared with the sham group at
4 weeks, but not 2 weeks, post UAC (p = 0.0497 at 4 weeks, p=0.1307 at 2 weeks, Figure
6A, B). There were no significant differences in the expression of CCK2 receptors between
those two groups (p = 0.4642 at 4 weeks, p=0.5390 at 2 weeks, Figure 6A, B), suggesting
that CCK1 receptors, but not CCK2 receptors, in the spinal cord were up-regulated in the
UAC rats.
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To confirm whether the increased CCK1 receptors contribute to UAC-induced widespread
pain hypersensitivity in female rats, the CCK1 receptor antagonist loxiglumide was
intrathecally injected at 4 weeks post UAC. Compared with the saline treated group,
loxiglumide blocked the reduction of thermal withdrawal latency (two-way ANOVA, Fi 165
=1.975, p=0.0390 for interaction; £ 165 = 94.39, p < 0.0001 for time factor; Fig 165

= 3.831, p=0.0001 for group factor, Figure 6C) and mechanical withdrawal threshold
(two-way ANOVA, Fig 160 = 2.516, p=0.0077 for interaction; /1 16 = 11.78, p=0.0034

for time factor; £ 160 = 1.221, p= 0.0281 for group factor, Figure 6D) in the UAC group.
These results indicate that the up-regulation of CCK1 receptors in the spinal cord play a
critical role in UAC-induced widespread pain hypersensitivity. To further evaluate the effects
of CCK1 receptor antagonist on the sham-operated animals, loxiglumide was administered
to sham treated rats and tested for thermal and mechanical hyperalgesia. The data showed
that loxiglumide did not change the pain thresholds in sham rats (Supplemental Figure 3).

3.4. Up-regulated IL-18 in microglia and IL-18 receptors in astrocytes mediate microglia-
astrocytic interaction during UAC-induced widespread pain hypersensitivity

Recently, IL-18-mediated signaling pathways have been extensively studied in the
occurrence and development of chronic pain by regulating the interaction of microglia

and astrocytes38: 45 57. 83 |t has been shown that IL-18 is mainly expressed in microglia

in different animal pain models. Therefore, in order to explore the role of IL-18 in UAC-
induced widespread pain hypersensitivity, we examined the expression of IL-18 and IL-18R
in the spinal cord. Western blot analysis showed that the expression levels of IL-18 and
IL-18R in the spinal cord significantly increased at 4 weeks post UAC compared with

the sham group (IL-18: p=0.0403; IL-18R: p=0.0341; Figure 7A), but there were

no significant differences in the expression of 1L-18 and IL-18R at 2 weeks post UAC
(IL-18: p=0.2027; IL-18R: p=0.1727; Figure 7B). Biochemical markers for neurons
(NeuN), microglia (Iba-1) and astrocytes (GFAP) were used to determine the expression
locations of IL-18 and IL-18R using immunohistochemistry. Double immunostaining further
confirmed that IL-18 was mainly expressed in microglia in the dorsal horn (Figure 8A),
which was consistent with previous observations38. 1L-18 had little and no colocalization
with GFAP and NeuN (Figure 8B, C), respectively. However, in contrast to IL-18 expression
in microglia, IL-18R was mainly expressed in astrocytes and a lesser extent in neurons
(Figure 9A, B), but not in microglia (Figure 9C).

In order to further determine the role of IL-18 in somatic pain hypersensitivity induced by
UAC, IL-18-binding protein (IL-18BP), which functions as an IL-18 antagonist by binding
to IL-18R and blocking its biological activity, was intrathecally injected for 5 consecutive
days at 4 weeks post UAC. IL-18BP significantly blocked the decrease in the thermal
withdrawal latency (two-way ANOVA, fg g0 = 3.262, p= 0.0027 for interaction; £y gg =
17.78, p < 0.0001 for time factor; Fy gy = 4.297, p=0.0001 for group factor, Figure 10A)
and mechanical withdrawal threshold (two-way ANOVA, A 150 = 1.139, p = 0.3392 for
interaction; £y 1509 = 15.26, p= 0.0001 for time factor; /g 1509 = 2.019, p = 0.0408 for group
factor, Figure 10B). The behavioral results combined with the Western blot data indicate that
IL-18 activation in the spinal cord contributes to somatic pain hypersensitivity induced by
UAC.
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3.5. Spinal CCK1 receptors are involved in the activation of IL-18 and its receptors,
leading to UAC-induced somatic pain hypersensitivity

It has been shown that IL-1f can up-regulate CCK receptor signaling and participate in the
activation of the NF-kB cascade related to CCK receptor signaling’l: 73, These effects are
thought to be related to pain sensitization®. Therefore, we tested the relationship between
CCK1 receptors and I1L-18 in the spinal cord. Western blot data showed that intrathecal
injection of CCK1 receptor antagonist loxiglumide for 5 consecutive days significantly
reduced the expression of IL-18 (p=0.0483, Figure 11A) and IL-18R (o= 0.0336, Figure
11B) in the spinal dorsal horn at 4 weeks post UAC establishment compared with the
saline group. Therefore, the release of 1L-18 and the activation of IL-18R on glial cells in
the spinal cord may be involved in the CCK-dependent descending facilitation post UAC
establishment.

4. Discussion

In the present study we demonstrated that UAC induced long-term somatic pain
hypersensitivity, establishing a new animal model of TMD and FMS comorbidity. We
report that spinal CCK1 and IL-18 receptors are involved in central sensitization in the
development of comorbid pain. In addition, our findings demonstrate that a neuron-glia
signaling cascade is involved in the mechanisms underlying spinal CCK1 receptor-mediated
hypersensitivity.

In the past few decades, CPPs such as FMS2 and TMD33 have been increasingly

viewed as a serious health problem in clinical practice and comorbidity of these diseases
frequently occur. However, the mechanism underlying this comorbidity is unclear, leading
to unsatisfactory treatment outcomes. Therefore, it is essential to investigate coexisting
mechanisms of comorbid pain and develop targeted drugs to effectively prevent and treat
these pain syndromes.

Central sensitization underlies chronic pain conditions, including OA and FMS20: 68 |n
general, central sensitization is an adaptive process that reverts back to normal after
nociceptive afferent input has ceased. However, persistent, intense noxious stimuli can

lead to persistent central sensitization®. It has been reported that OA patients experience
decreased pain sensitivity following successful arthroplasty?: 32, suggesting that the
dependence of central sensitization and pain on peripheral tissue impulse input in these
patients. Recently, a few studies have reported the impact of occlusion on maxillofacial
tissues, and the possible impact of malocclusion on the CNS has gained much attention®: 30,
In the previous study, Wang et al. found that at the 2 and 4 weeks after UAC was established,
OA-like lesions were observed in the cartilage, becoming more severe over time’8. Our
data show that UAC caused a long-term, recoverable decrease in maxillofacial mechanical
threshold, which occurred before the widespread somatic pain hypersensitivity. Therefore,
we propose that UAC acts as an injury stimulus in the maxillofacial area that is signaled
into the trigeminal-subnuclei caudalis (\Vc) further triggering persistent central sensitization
in the brain areas and activates descending pathways that facilitate pain processing®: 9 46,
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Stress caused by the malocclusion itself and alterations in feeding might contribute to the
widespread pain hypersensitivity. In a previous study, Liu et al.*! found that UAC, as an
unpleasant external stimulus, generated anxiety-like behavior 2 weeks after surgery. As the
main component of the descending pain modulatory system, the midbrain periaqueductal
gray matter (PAG)#” and the rostral ventromedial medulla (RVM)3° regulate nociceptive
transmission and processing in the spinal dorsal horn8. The findings indicate that central
sensitization underlying the development of pain hypersensitivity depends on peripheral
nerve injury increasing afferent drive activating a descending facilitation arising from the
RVM that likely requires the maintenance of descending CCK receptor-mediated facilitation
in the spinal cord®>,

CCK signaling is part of the descending facilitation system24, which drives the development
of pain hypersensitivity3 62, Some studies have shown that CCK located in the PAG, RVM,
and spinal cord plays a pro-nociceptive role in pain modulation®® 81, For example, the
RVM promotes the activation of CCK in the spinal cord®®. CCK acts through CCK1 and
CCKa2 receptors, both of which are coupled to the Gg/PLC/DAG signaling pathway, which
induces calcium efflux from intracellular storagel® 3435, Under stress stimulation, ON-cells
in the RVM can be directly activated by CCK2 receptors promoting pain sensitization,
while inhibiting the activity of CCK2 receptors in the RVM can effectively reverse the

pain hypersensitivity caused by chronic stress28 43. 62 Stydies have reported that CCK1
receptors are expressed by both viscero- and somato-sensory primary sensory neurons,
acting as a mediator in sensory processing at the spinal level3. Therefore, we propose that
CCK receptors are closely related to the widespread somatic pain hypersensitivity induced
by UAC. In a previous study, we confirmed that CCK2 receptors-dependent descending
pain modulation at the spinal level was involved in somatic pain hypersensitivity induced
by orofacial inflammatory pain combined with stress4. However, the mechanism by which
these events are sequentially activated through neuron-astrocytic interactions is novel and
unpredicted. Interestingly, we noticed that the expression of CCK1 receptors, but not

CCK?2 receptors, significantly increased in the L4-L5 spinal dorsal horn at 4 weeks post
UAC and the blockade of spinal CCK1 receptors totally blocked UAC-induced thermal
hyperalgesia and mechanical allodynia in the hind paws. A recent study showed that CCK-
positive neurons distributed in layers I11-1V of the spinal dorsal horn highly overlap with
protein kinase Cy-positive neurons at the layers I1/111 border, playing an important role in
mechanical allodynia®8. Some studies showed that CCK2 receptors, but not CCK1 receptors,
play a major role in pain perception, opioid dependence and other processes’® 87. Multiple
studies have found that CCK1 and CCK2 have opposite effects on behavior actions?2: 37. 58,
Therefore, the various subtypes of CCK receptors and their different sensitivity levels are
not consistent, determining the diversity of CCK’s biological functions. Our present data
(Figure 6) may give us a clue that this phenomenon is related to the different functions of
CCK1 and CCK2 receptors. These findings suggest that UAC-induced widespread somatic
pain hypersensitivity is maintained by neurons in the spinal cord which are sensitive to CCK
via CCK1, but not CCK2 receptors.

It has been shown that the central pain mechanism of FMS in the induction and maintenance
of chronic pain not only relies on neuronal activation, but also glial activation8”. Although
spinal glial hyperactivity has been reported in studies of TMD and FMS’®: 88, few studies
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investigated the involvement of spinal CCK receptors in spinal glial hyperactivity, as well as
the function of I1L-18, especially in the pain model of TMD and FMS comorbidity. In the
dorsal horn of the spinal cord, the unique expression of IL-18 in microglia and its receptors
mainly presenting in astrocytes plays a key role in the development and maintenance of
mechanical allodynia®*®. The present study showed that UAC caused a significant increase

in the expression of IL-18 and IL-18R in the spinal dorsal horn at 4 weeks post UAC.
However, IL-18BP only temporarily relieved the somatic pain hypersensitivity compared
with the analgesic effect of CCK1 receptor antagonists (Figure 10). The reason may be that
IL-18BP as a secreted glycoprotein cannot be anchored to the cell membrane due to the lack
of a transmembrane domainl2,

In the present study intrathecal injection of a CCK1 receptor antagonist lowered IL-18
expression levels in the spinal dorsal horn, implying that IL-18 may be one of the important
cytokines activated by CCK1 receptors and subsequently participates in the development

of somatic pain sensitization. Double immunostaining verified that 1L-18 in the spinal

cord was mainly co-expressed with microglia, and 1L-18R was mainly co-expressed with
astrocytes, but not in microglia and neurons. Therefore, how CCK neurons produce IL-18
by activating microglia, and then bound to I1L-18 receptors on astrocytes to participate

in the occurrence of somatic hyperalgesia aroused our interest. A few studies focused on
the neuron-glial cell-neuron interaction as the driving force to induce and maintain the

pain process!® 64.75.88 ‘Microglial cells in the spinal cord have an established role in
sensitization of pain processing3. Under normal and pathological conditions, glial cells in
the spinal cord act as immune effector cells and play a key role in promoting persistent
pain states!3: 16. 50. 65,84 \when microglia and astrocytes in the spinal cord are activated,
they synthesize and release factors that promote neuronal excitability and nociceptive
transmission!l: 52: 63 thus contributing to the occurrence and development of pain. Guo

et al.18 found that 5-HT3 receptor-expressing neurons in the spinal cord induced chemokine
production, activated microglia to release 1L-18 and bind to IL-18R on astrocytes. Then

the combination further phosphorylated N-methyl-D-aspartic acid (NMDA) receptors in
the spinal cord and ultimately led to hyperalgesia. In animal models of bone cancer pain,
IL-18 in the spinal cord regulates NMDA receptor phosphorylation by binding to IL-18R3.
Furthermore, IL-18 signal activation may lead to the secretion of a variety of cytokines,
including TNF-a and IL-1B. The involvement of IL-18R/NF-xB signaling pathway in
astrocytes in hyperalgesia has also been confirmed. IL-18 binds to the ligand receptor
IL-18Ra, recruiting the co-receptor IL-18Rp to form a high-affinity complex, which
activates downstream signals. IL-18 triggers the intracellular signal cascade and induces
the dependent expression of NF-xB and AP-1 pro-inflammatory cytokines, chemokines, and
secondary mediators of the inflammatory response®’: 61,

Overall, our current study suggests that active CCK1 receptor-dependent descending
facilitation after TMD may mediate central mechanisms underlying the development of
widespread somatic pain in our comorbid pain model via a reciprocal neuron-glial signaling
cascade.
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5. Conclusion

In conclusion, activation of CCK1 receptors in the spinal cord contributes to widespread
somatic pain hypersensitivity induced by TMD. The activation of glial cells in the spinal
cord promotes the release of IL-18 to further mediate this pain hypersensitivity. Neuron and
glial cell cascade signals play an important role in the development of the somatic pain
hypersensitivity. These results provide novel therapeutic targets for the clinical treatment of
TMD and FMS comorbidities.
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Highlights

Malocclusion induces widespread somatic pain hypersensitivity, a typical
characteristic of FMS.

CCK-dependent descending facilitation contributes to the development of
TMD and FMS comorbidity.

IL-18 in the spinal cord is important for the development of somatic pain
hypersensitivity.

CCK/IL-18-mediated neuronal and glial cascades are involved in the somatic
pain hypersensitivity.
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Perspective:

CCK1 receptor-dependent descending facilitation may mediate central mechanisms
underlying the development of widespread somatic pain via a reciprocal neuron-glial
signaling cascade, providing novel therapeutic targets for the clinical treatment of TMD
and FMS comorbidities.
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Figure 1.

Experimental design. A. The baselines of the thermal withdrawal latency (T), mechanical
withdrawal threshold (M) and maxillofacial mechanical threshold (F) were tested before
UAC. From the first day after UAC was established, the thermal withdrawal latency and
mechanical withdrawal threshold were measured on the first and second days and then
every 8 days. On day 3 after UAC was established, the maxillofacial mechanical threshold
was tested, and then every 4 days. The measurement continued until the pain threshold
returned to the baseline level. UAC, unilateral anterior crosshite. CCK1 receptor antagonist
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loxiglumide (B) or IL-18-binding protein (IL-18BP) (C) was intrathecally injected for 5
consecutive days at 4 weeks post UAC.
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Figure 2.

The pathologic changes in the condyle cartilage. A: The condyle cartilage includes four
layers: the fibrous layer, the proliferative layer, the hypertrophic layer and the endochondral
ossification layer. B: Delineation of the anterior, middle and posterior portion of the condyle
cartilage. C: Example of condyle cartilage from sham and 2, 4 weeks post UAC, Bar = 200
um. The boxes depict the regions of higher magnification in each section. The thickness of
hypertrophic layer of anterior portion (D), middle portion (E) and posterior portion (F). *,
**1p < 0.05, 0.01 vs. the sham group.
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Figure 3.

The micro—computed tomography images and bone histomorphology parameters of
temporomandibular joint condyles. A: The micro—computed tomography images reflect the
changes in the subchondral bone morphology of the condyle in three dimensions at 2 and 4
weeks post UAC, respectively. Bar = 160 um. B: The trabecular bone separation (Th. Sp).
C: Bone volume/total volume (BV/TV). D: Trabecular thickness (Th. Th). E: Number of
trabeculae (Th. N). ** p< 0.01 vs. sham.
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UAC reduced maxillofacial mechanical threshold in female rats. A, B: Maxillofacial
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mechanical threshold ipsilateral (A) and contralateral (B) in the UAC and sham treated

rats (n = 9-11 per group). *, **, *** p< 0.05, 0.01, 0.001 vs. baseline (b); #, ##, ### p<
0.05, 0.01, 0.001 vs. the sham group at the same time point. C, D: There were no differences
in the maxillofacial mechanical threshold between the left and right sides in the UAC group

(C) and sham group (D).
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Figure 5.
Thermal hyperalgesia in the hind paws and mechanical allodynia in the hind paws, the upper

back and thigh of rats induced by UAC. A: Hindpaw thermal withdrawal latency in UAC and
sham-treated rats (n = 11 per group). B: Hindpaw mechanical withdrawal threshold (n = 11).
C: Upper back mechanical withdrawal threshold (n = 10). D: Thigh mechanical withdrawal
threshold (n = 10). No mechanical allodynia was observed in rats with sham treatment. *,
** *xx n<0.05, 0.01, 0.001 vs. baseline, respectively. #, ##, ### p< 0.05, 0.01, 0.0001 vs.
the sham group at the same time point.
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Figure 6.

T 1T T T T T T T T 1
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CCKU1 receptors were involved in the somatic hyperalgesia induced by UAC. A, B: The
expression of CCK1 and CCK2 receptors in the L4-L5 spinal dorsal horn at 4 weeks (A)
and 2 weeks (B) post UAC, * p< 0.05 (n =5 for all groups). C: The CCK1 receptor
antagonist loxiglumide (n = 9), but not vehicle (saline, n = 8), blocked the development of
thermal hyperalgesia in female rats. D: Loxiglumide (n = 9), but not vehicle (n = 8) blocked
mechanical allodynia induced by UAC. *, **, *** p<0.05, 0.01, 0.001 vs. baseline (b). #,
##, ### p < 0.05, 0.01, 0.001 vs. the UAC + saline group at the same time point.
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A: The expression of 1L-18 and IL-18R in the spinal cord increased at 4 weeks post UAC
compared to sham (n = 5 per group). B: The expression of IL-18 and IL-18R at 2 weeks post

UAC (n =5 per group). * p< 0.05.
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UAC [

Figure 8.
IL-18 was co-localized with microglia in the spinal cord post UAC. At 4 weeks post UAC,

double immunofluorescence showed that IL-18 (green) was co-localized with Iba-1 (red)
(A). IL-18 did not co-localized with GFAP (red) (B) and NeuN (red) (C). Arrows indicate
the co-localized cells. Bar = 50 pm.
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Figure 9.
IL-18R was co-localized with astrocytes in the spinal cord post UAC, but not with microglia

and neurons. Double immunofluorescence showed that IL-18R (green) was co-localized
with GFAP (red) (A) and NeuN (red) (B) in the dorsal horn but not with Iba-1 (red) (C) at 4
weeks post UAC. Arrows indicate the co-localized cells. Bar = 50 um.
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Figure 10.
IL-18 receptor antagonist IL-18BP blocked the thermal hyperalgesia (A, n = 8 per group)

and mechanical allodynia (B, n = 8 per group) in the hind paws caused by UAC. *, ** *** p
< 0.05, 0.01, 0.001 vs. baseline (b) (UAC + PBS). +, ++ p< 0.05, 0.01 vs. baseline (b) (UAC
+ IL-18BP). #, ### p < 0.05, 0.001 vs. the UAC + PBS group at the same time point.
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Figure 11.
The effect of intrathecal injection of CCK1 receptor antagonist loxiglumide on the

expression of IL-18/IL-18R in the L4-L5 spinal cord at 4 weeks post UAC. The expression
of IL-18 (A) and IL-18R (B) in the L4-L5 spinal dorsal horn in the UAC + loxiglumide
group significantly decreased compared to the UAC + saline group. n =5 for each group. * p
< 0.05.
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