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© The melanin-concentrating hormone (MCH) is a peptidergic neuromodulator synthesized by neurons
in the lateral hypothalamus and zona incerta. MCHergic neurons project throughout the central
nervous system, indicating the involvements of many physiological functions, but the role in pain
has yet to be determined. In this study, we found that pMCH~/~ mice showed lower baseline pain
thresholds to mechanical and thermal stimuli than did pMCH*/* mice, and the time to reach the
maximum hyperalgesic response was also significantly earlier in both inflammatory and neuropathic
pain. To examine its pharmacological properties, MCH was administered intranasally into mice, and
results indicated that MCH treatment significantly increased mechanical and thermal pain thresholds
in both pain models. Antagonist challenges with naltrexone (opioid receptor antagonist) and AM251
(cannabinoid 1 receptor antagonist) reversed the analgesic effects of MCH in both pain models,
suggesting the involvement of opioid and cannabinoid systems. MCH treatment also increased the
expression and activation of CB1R in the medial prefrontal cortex and dorsolateral- and ventrolateral
periaqueductal grey. The MCH1R antagonist abolished the effects induced by MCH. This is the first study
to suggest novel analgesic actions of MCH, which holds great promise for the application of MCH in the
therapy of pain-related diseases.

Pain is a universal experience from birth until the end of life. More than 80% of individuals seeking medical care
cite pain as the reason for doing so, citing the significant impact that pain has had on their quality of life. Various
pharmacological treatments, such as opiates, are used to relieve chronic pain'~*. However, these treatments often
cannot meet patients’ needs due to unsatisfactory efficacy and adverse side effects>>®. Therefore, new analgesic
agents without adverse effects are required.
Melanin-concentrating hormone (MCH) is a cyclic 19-amino acid neuropeptide synthesized by neurons in the
lateral hypothalamus and zona incerta’. The MCH system was originally implicated in energy homeostasis, such
. as feeding and metabolic activity, but is also involved in the regulation of sleep®®, mood'®!"!, and reward'*!*. The
. biological functions of MCH are mediated by two G-protein coupled receptors, the MCH 1 receptor (MCHI1R)
. and the MCH 2 receptor (MCH2R)'. MCHIR is widely distributed throughout the rodent'® and human
brains'®, whereas MCH2Rs are present in humans but not rodents'”. MCHergic neurons project throughout the
rodent central nervous system (CNS) to areas such as the somatosensory cortex, isocortex, caudate putamen,
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Figure 1. pMCH was associated with the modulation of pain responses. Bar graphs summarizing paw
withdrawal frequency in response to mechanical stimuli (A) and withdrawal latency time in response to heat
stimuli (B) in the pMCH /'~ and pMCH '+ groups (n =5-6/group). **p < 0.01 compared to the pMCH*/*
group, unpaired two-tailed -test. Data are expressed as a mean = SEM.

hippocampus, nucleus accumbens, and amygdala”'8, which suggests that the MCH system may participate in a
broader spectrum of physiological functions in the CNS than is currently thought. However, the role of MCH in
pain modulation has yet to be determined.

Therefore, the present study aimed to elucidate the role of MCH in pain modulation by investigating the
anti-nociceptive activities of MCH using pre-MCH (pMCH) '~ and pMCH*/* mice in models of inflammatory
pain induced by complete Freund’s adjuvant (CFA) and neuropathic pain induced by partial sciatic nerve liga-
tion (PSNL). Next, to investigate its therapeutic value, the effects of intranasal (in.) MCH on inflammatory and
neuropathic pain were examined. Finally, the roles of endogenous opioid, cannabinoid, adrenergic, and serotonin
receptors in the analgesic effects of MCH were also investigated.

Results

pMCH was associated with the modulation of pain responses. To investigate the role of MCH in
pain responses, we examined whether the nociceptive behaviors differed between pMCH~'~ and pMCH™'* mice
using the von Frey and hot-plate tests. Unpaired two-tailed t-tests revealed that the withdrawal frequency in
pMCH '~ mice was significantly higher than that in pMCH*+ mice (t,, = 3.606, p=0.0048; Fig. 1A). In addition,
pMCH '~ mice had a significantly shorter latency time than pMCH*/* mice for the withdrawal response to heat
stimuli (t; = 3.787, p = 0.0053; Fig. 1B).

Pain responses were increased in pMCH /'~ mice compared to pMCH*/* mice in the CFA-induced
inflammatory pain model. The CFA-induced pain model has been commonly used to assess chronic
inflammatory pain® In the pMCH™'* animals, mechanical allodynia increased gradually after CFA injection and
peaked at 4 days after CFA injection, consistent with a previous study?. A two-way repeated measures ANOVA
(RMANOVA) revealed a significant main effect of genotype (F, 53 =28.85, p=0.0003) and a significant geno-
type x time interaction (F, 53 =6.062, p=0.0007) for withdrawal frequency. Bonferroni post hoc tests showed
that, after CFA injection, mechanical allodynia was significantly greater in pMCH '~ mice than in pMCH*/*+
mice on Days 1 and 2 (each p < 0.001), but there were no differences between the two groups on Days 4 and 7
(p>0.05) because the pain reached almost peak levels at these time points (Fig. 2A and C).

To determine whether there were any differences in the induction time to reach peak levels of pain, the with-
drawal frequency was converted to the relative value of the peak level of pain, and the data were compared.
The analysis of relative frequency with a two-way RMANOVA revealed a significant main effect of genotype
(F, 53=28.86, p=0.0003), which indicates that the knockout (KO) mice exhibited a significantly greater degree
of pain than the wild-type (WT) mice. There was also a significant genotype x time interaction (F, 53 =6.052,
p=10.0007), which indicates that there was a significant difference in the increase in pain between the two groups.
Bonferroni post hoc tests showed that the peak allodynic behavior occurred significantly earlier in pMCH~/~ mice
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Figure 2. Increased pain response in pMCH /'~ mice in the CFA- and PSNL-induced pain models. CFA-
induced pain model experiments (A,C,E). PSNL-induced pain model experiments (B,D,F). Experimental
designs of the CFA- and PSNL-induced pain model experiments shown in A and B, respectively. Graphs
summarizing paw withdrawal frequency in response to mechanical allodynia (C,D). Bar graphs summarizing
the peak level of pain during mechanical allodynia (E,F). n=5-6 in all groups. *p < 0.05, *¥*p < 0.001
compared with the pMCH*'* group. All data were analyzed by two-way RMANOVAs followed by post hoc
Bonferroni tests. The results are expressed as means & SEM.

than in pMCH™* mice on Days 1 and 2 after the injection (each p < 0.001 vs. pMCH™*). After reaching peak
levels of pain, the withdrawal frequency was still higher in pMCH~/~ mice (111% and 109% of pMCH*/* mice
on Days 4 and 7, respectively), but these differences did not reach statistical significance (each p > 0.05; Fig. 2E).

Pain responses were increased in pMCH~/~ mice compared to pMCH*/* mice in the
PSNL-induced neuropathic pain model. We also examined the role of the pMCH gene in the
PSNL-induced neuropathic pain model using pMCH /'~ and pMCH*'* mice. In the PSNL-induced pain model,
mice gradually developed mechanical allodynia over the 7 days after PSNL surgery, with the peak level occur-
ring at day 7, consistent with previous studies'**. A two-way RMANOVA revealed a significant main effect of
genotype (F, 53 =12.32, p=0.0080) and a significant genotype X time interaction (F, 53 =3.181, p =0.0262) for
the withdrawal frequency in PSNL mice. Similar to the results in the CFA-induced pain model, Bonferroni post
hoc tests showed that mechanical allodynia was significantly greater in pMCH~/~ mice than in pMCH*/* mice
from Days 1 to 4 after surgery (each p < 0.05 on Days 1 and 4), but it did not significantly differ on Days 7 and 14
(Fig. 2B and D).

A two-way RMANOVA assessing the relative frequency of the peak level of pain revealed a significant
main effect of genotype (F, 53 =12.34, p=0.0079), which indicates that the KO mice exhibited a significantly
greater degree of pain than the WT subjects. There was also a genotype x time interaction (F,5; = 3.180,
p=0.0262), which indicates that there was a significant difference between the two groups in the increase in pain.
Bonferroni post hoc tests showed that the peak levels of pain occurred significantly earlier after PSNL surgery in
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Figure 3. Antinociceptive effects of i.n. MCH in the hot-plate test. L.n. MCH treatment in a mouse (A).
Chemical structure of MCH (B). The hot-plate test was performed 30 min after MCH treatment (5, 10, 15, 20,
and 25pg/30pl, i.n.) or saline (30 ul, i.n.) administration (C). n=6/group. **p < 0.01, ***p < 0.001 compared
to Control group. *p < 0.05 compared to the other dose group. The data were analyzed with a one-way ANOVA
followed by Newman-Keuls post hoc tests. The results are expressed as means &= SEM. i.n.: intranasal.

pMCH '~ mice than in pMCH ™+ mice (p < 0.001 on Day 1 and p < 0.05 on Day 4). After peak levels of pain were
reached, the withdrawal frequency was still higher in pMCH ~/~ mice (113% of pMCH™/* mice on both Days 7
and 14), but these differences were not significant (p > 0.05; Fig. 2F).

I.n. MCH treatment increased the thermal pain threshold in a dose-dependent manner before
exploring the therapeutic effect of MCH in pain models. We examined the effective dose range
of MCH to accurately evaluate the antinociceptive actions of MCH using the hot-plate test. Latency time was
measured 30 min after either MCH treatment (5-25ug/30 pl, i.n.) or saline administration (i.n.); the changes
in antinociceptive behaviors induced by different MCH doses are shown in Fig. 3. A one-way ANOVA revealed
a significant difference between groups (Fs 3, =15.21, p < 0.0001), and Newman-Keuls post hoc tests showed
that treatment with MCH increased the thermal threshold in a dose-dependent manner such that a significant
difference was observed with a 10 ug/30 ul MCH dose (p < 0.01 vs. Control; p < 0.05 vs. 5pg/30 ul MCH). The
maximum antinociceptive effect of MCH estimated from the dose-response curve was 20g/30pl (p < 0.001 vs.
Control; p < 0.05 vs. 10 ug/30 ul MCH; Fig. 3C).

Effects of a single i.n. MCH treatment in the CFA-induced inflammatory pain model. The
anti-allodynic and analgesic effects of MCH were measured using the von Frey and hot-plate tests in the
CFA-induced inflammatory pain model. The baseline measurement was performed 1 day before CFA injection
and either MCH (10 pg/30pl, i.n.) or saline (i.n.) was administered on Day 4 after the CFA injection (Fig. 4A).
For mechanical allodynia, a two-way RMANOVA revealed a significant main effect of group (F; 45 = 104.4,
p<0.0001) and a significant group X time interaction (Fy ;o4 =18.56, p < 0.0001). Bonferroni post hoc tests
showed significant improvements in the MCH group compared to the CFA group (each p < 0.001 vs. CFA).
The analgesic effects of MCH were compared with those of a non-steroidal anti-inflammatory drug (NSAID),
diclofenac (10 mg/kg, intraperitoneal [i.p.]); MCH (10 pg/30pl, i.n.) produced the same level of analgesia as
diclofenac (diclofenac vs. CFA, p < 0.001: diclofenac vs. MCH, p > 0.05; Fig. 4C).

In terms of thermal hyperalgesia, a two-way RMANOVA revealed a significant main effect of group
(F,,45=20.57, p <0.0001) and a significant group x time interaction (F, 4s=1.721, p=0.1755). Bonferroni post
hoc tests showed significant improvements in latency time in the MCH group (p < 0.01 vs. CFA; Fig. 4E).

Effects of repeated i.n. MCH treatments in the CFA-induced pain model and the involvement
of MCH1R. The effects of repeated treatments with MCH (10 pg/30 pl, i.n.) over 7 days in the CFA-induced
inflammatory pain model were also investigated in the present study (Fig. 4B). Additionally, we examined
whether the effects elicited by MCH treatment were specifically associated with MCH1R following pretreatment
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Figure 4. Analgesic effects of i.n. MCH on CFA-evoked inflammatory pain and the MCHIR-induced
mediation of these effects. Experimental design of the single (A) and repeated (B) treatments of MCH in the
CFA-induced pain model. The anti-allodynic and analgesic effects of MCH were measured 30 and 60 min after
saline, respectively. Administration of either MCH (10 ng/30pl, i.n.) or diclofenac (10 mg/kg) in the von Frey
test (C) and hot-plate test (E). A MCHIR antagonist, TC-MCH 7c (10 mg/kg/day for 5 days, i.p.), was injected
30min before MCH (10 pug/30ul/day for 5 days, i.n.) or saline treatment, and the von Frey test was performed
30min after MCH treatment (D). n =5 — 6/group. *p < 0.05, ¥*p < 0.01, and ***p < 0.001 compared with the
CFA group and **p < 0.001 compared with the MCH group. Data were analyzed with a two-way RMANOVA
followed by post hoc Bonferroni tests. The TST was performed 12 days after CFA or saline injection (7 day of
MCH or saline treatment; F). n = 5/group. **p < 0.01 vs. the CFA group, ¥¥p < 0.001 vs. the Control group.
The data were analyzed with a one-way ANOVA followed by Newman-Keuls post hoc tests. Data are expressed
as means &= SEM. i.n.: intranasal, i.p.: intraperitoneal.

with a MCHIR antagonist (TC-MCH 7¢, 10 mg/kg, i.p.). A two-way RMANOVA revealed a significant main
effect of group (F; ;6= 363.4, p <0.0001) and a significant group x day interaction (F, ;4= >55.50, p < 0.0001)
for mechanical allodynia measured over 7 days. Bonferroni post hoc tests showed that the anti-allodynic effects of
repeated MCH treatments were significant compared to those in the CFA group (p < 0.001) and were significantly
abolished by the MCH1R antagonist (p < 0.001 vs. MCH group; Fig. 4D).

Several studies have demonstrated that chronic pain produces long-term sensitization and generates
depression-like behaviors*'~#. Thus, the present study evaluated the anti-depressant effects of MCH (10 ug/30 ul/
day for 7 days, i.n.) on depression-like behaviors generated in this pain model using the tail suspension test (TST).
A one-way ANOVA (F, ,=14.01, p > 0.0001) followed by Newman-Keuls post hoc tests revealed a significant
increase in immobility time in the CFA group (p < 0.001 vs. Control), whereas MCH treatment significantly
attenuated immobility time (p < 0.01 vs. CFA; Fig. 4F).
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Figure 5. Analgesic effects of i.n. MCH on PSNL-induced neuropathic pain. Experimental design of the
PSNL-induced pain model experiments (A). Anti-allodynic effects of MCH measured on the ipsilateral (B) and
contralateral (D) plantar surfaces 30 min after the 7% administration of MCH (10 pg/30 pl/day for 7 daysin.,
each n=6) according to the von Frey test. ***p < 0.001 vs. the PSNL group. Data were analyzed with a two-way
RMANOVA followed by post hoc Bonferroni tests. The FST was performed 14 days after the sham or PSNL
surgery (7 day of MCH or saline treatment; C). Control group: n= 3, all other groups: n=>5-7. *p < 0.05 vs.
CFA group, p < 0.05 vs. Sham. The data were analyzed with a one-way ANOVA followed by Newman-Keuls
post hoc tests. Data are expressed as means + SEM. i.n.: intranasal.

Effects of i.n. MCH treatment in the mouse PSNL-induced neuropathic pain model. To exam-
ine the effects of MCH treatment (10 pg/30 pl/day, i.n.) on PSNL-induced hypersensitivity (Fig. 5A), we began
to administer drugs to the mice 7 days after surgery when the mechanical allodynia was significantly induced;
this treatment was continued for 7 consecutive days. A two-way RMANOVA revealed a significant main effect of
group (F, 145 =360.5, p < 0.0001) and a significant group x day interaction (F,;os =20.23, p < 0.0001). Bonferroni
post hoc tests showed that MCH reversed the established ipsilateral mechanical allodynia at each time point (each
p <0.001 vs. PSNL on Days 3, 5, and 7 after treatment; Fig. 5B). There were no significant changes in the pain
levels of the contralateral hind paws (Fig. 5D).

The present study also evaluated the influence of MCH on depression-like symptoms in this pain model using
the forced swim test (FST). A one-way ANOVA (F,;,=5.199, p > 0.0001) followed by Newman-Keuls post hoc
tests showed that there was a significant increase in immobility time in the PSNL group (p < 0.05 vs. Sham),
whereas MCH treatment significantly attenuated this behavior (p < 0.05 vs. PSNL; Fig. 5C).

The anti-allodynic and analgesic effects of MCH were fully blocked by naltrexone and
AM251. To examine the involvement of the opioid, cannabinoid, adrenergic, and serotonin systems, an opi-
oid receptor antagonist (naltrexone, 5mg/kg, i.p.), a cannabinoid 1 receptor (CB1R) antagonist (AM251, 4 mg/
kg, i.p.), an al adrenoreceptor antagonist (prazosin hydrochloride, 1 mg/kg, i.p.), an a2 adrenoreceptor antag-
onist (yohimbine hydrochloride, 1 mg/kg, i.p.), and a 5-HT1/2 receptor antagonist (cyproheptadine hydrochlo-
ride, 1 mg/kg, i.p.) were independently administered 30 min prior to MCH treatment (10 ug/30 pl, i.n.) in the
inflammatory pain model (Fig. 6A). For mechanical allodynia, a two-way RMANOVA revealed a significant main
effect of group (F, ;;5=118.0, p <0.0001) and a significant group X time interaction (F,,,,5=65.57, p <0.0001).
Bonferroni post hoc tests showed that the anti-allodynic effects of MCH were independently and significantly
blocked by naltrexone and AM251 (each p < 0.001 vs. MCH; Fig. 6C). For thermal hyperalgesia, a two-way
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Figure 6. Effects of opioid and cannabinoid receptor antagonists on the analgesic effects of i.n. MCH following
CFA-induced inflammatory pain and PSNL-evoked neuropathic pain. Experimental design of CFA (A) and
PSNL (B). Opioid (naltrexone, 5mg/kg, i.p.) and CB1R (AM251, 4 mg/kg, i.p.) antagonist treatments (C,E,
and G) and o adrenergic (prazosin, 1 mg/kg; i.p), a2 adrenergic (yohimbine, 1 mg/kg, i.p.), and 5-HT1/2
(cyproheptadine, 1 mg/kg, i.p.) receptor antagonists (D,F, and H) were administered 30 min prior to treatment
with either MCH (10 ug/30 pl, i.n.) or saline. The behavioral tests were performed 30 and 60 min after MCH or
saline treatment in the CFA-induced inflammatory pain model (C,D,E, and F; n = 6-7/group). In the PSNL-
evoked neuropathic pain model, the behavioral tests were performed 30 min after saline or MCH (10 j1g/30 pul/
day for 7 days, i.n.) treatment (G,H; n=6/group). The von Frey test (C,D,G, and H) and hot-plate test

(E,F). *#%p < 0.001 vs. the CFA or PSNL groups. *p < 0.05, *p < 0.01, **p < 0.001 compared with the MCH
(10 pug/30ul) group. All data were analyzed with a two-way RMANOVA followed by post hoc Bonferroni tests.
The results are expressed as means £ SEM. i.n.: intranasal, i.p.: intraperitoneal.
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RMANOVA revealed a significant main effect of group (F, g5 =57.05, p < 0.0001) and a significant group x time
interaction (Fg g5 =7.954, p < 0.0001). Bonferroni post hoc tests showed that the anti-allodynic effects of MCH
were independently and significantly blocked by naltrexone and AM251 (each p < 0.001 vs. MCH; Fig. 6E). On
the other hand, al adrenergic, a2 adrenergic, and 5-HT1/2 receptor antagonists did not reduce these effects
(Fig. 6D and F).

The roles that the opioid, cannabinoid, adrenergic, and serotonergic systems play in the effects of MCH
(10 ng/30 pl/day for 7 days, i.n.) were also explored in the PSNL-induced neuropathic pain model (Fig. 6B). A
two-way RMANOVA revealed a significant main effect of group (F, ;,5=385.70, p < 0.0001) and a significant
group X time interaction (F,, ;,5=13.77, p <0.0001). Bonferroni post hoc tests showed that the anti-allodynic
effects of MCH treatment were independently and significantly blocked by naltrexone and AM251 (each
P <0.001 vs. MCH; Fig. 6G) in this neuropathic pain model. On the other hand, al adrenergic, a2 adrenergic,
and 5-HT1/2 receptor antagonists did not reverse the analgesic effects of MCH (Fig. 6H).

I.n. MCH activated CB1R in the medial prefrontal cortex. Many studies have shown that the medial
prefrontal cortex (mPFC) plays important roles in the modulation of the emotional and sensory components of
pain®*-%. To elucidate the involvement of the mPFC in the analgesic effects of MCH, we first used fluorescence
imaging with fluorescein (FITC)-labeled MCH (FITC-MCH) applied via the nose (10 ug/30pl, i.n.) to examine
whether intranasally administered MCH was distributed around the mPFC region. Fluorescence histological
imaging analyses confirmed that FITC-MCH was located in the regions around the mPFC at 30 min after its i.n.
application (Fig. 7A and B).

All CBIR-positive cells were co-stained with NeuN, which suggests that CB1Rs are expressed in neurons
(Supplementary Fig. 1). The localization, expression levels, and activation of CB1R within the mPFC regions
in mice with CFA-induced pain were also assessed with double immunofluorescence staining of c-Fos (green)
and CBIR (red). Preabsorption with corresponding peptide abolished the immunoreactivity, and did control
staining when the primary antibody was removed (Supplementary Fig. 3). A one-way ANOVA revealed a sig-
nificant main effect of group for CB1R expression (F; 5, =33.97, p < 0.0001), and Newman-Keuls post hoc tests
showed that the expression levels of CB1R were lower in the CFA group than in the saline-treated Control group
(p <0.001). Although MCH treatment significantly increased the expression levels of CB1R compared to the
saline-treated CFA group (p < 0.001), these MCH-induced changes were blocked by treatment with TC-MCH 7¢
(p<0.001). A one-way ANOVA revealed a significant main effect of group for the double-staining of c-Fos and
CBIR (F; 50=35.79, p < 0.0001), and Newman-Keuls post hoc tests showed that the co-expression levels of CBIR
and c-Fos in the mPFC region were higher in the MCH group than in the Control or CFA groups (each p <0.001);
however, the effects of MCH were inhibited by treatment with TC-MCH 7¢ (p < 0.001; Fig. 7C-F). Additionally,
Spearman rank correlation coefficient analyses were performed to investigate whether the changes in CB1Rs
reflected changes in pain status. The changes in paw withdrawal frequency were significantly correlated with the
increased expression levels and activation of CB1R in the mPFC (r = —0.6398 and p < 0.01 for CB1R; r = —0.6421
and p < 0.01 for c-Fos/CBIR; Fig. 7G and H).

I.n. MCH activated CB1R in the ventrolateral periaqueductal gray matter and dorsolateral peri-
aqueductal gray matter.  Using double immunofluorescence staining of c-Fos (green) and CBIR (red), we
also measured the localization, expression levels, and activation of CB1R within the ventrolateral periaqueductal
gray (vIPAG) and dorsolateral PAG (dIPAG), which are important components of the descending inhibitory
pain pathway*”2%, in mice with CFA-induced pain. A one-way ANOVA revealed a significant difference between
groups (10 g/30 pl) for CB1R expression (VIPAG: F; ,,=48.35, p < 0.0001; dIPAG: F; 5,y =71.22, p < 0.0001), and
Newman-Keuls post hoc tests showed that the expression levels of CB1R were reduced by the CFA injection
(p <0.001 vs. Control). MCH treatment increased the expression levels of CB1R (each p < 0.001 vs. saline-treated
CFA), but these effects were inhibited by treatment with TC-MCH 7¢ (10 mg/kg, i.p.; each p <0.001 vs. MCH).
A one-way ANOVA revealed a significant difference between groups for the co-expression of c-Fos and CB1R
(VIPAG: F; 5, =51.63, p < 0.0001; dIPAG: F; ,,=59.73, p < 0.0001), and Newman-Keuls post hoc tests showed
that the co-expression levels of c-Fos and CB1R were higher in the MCH group than in the Control and CFA
groups for both the vIPAG (each p < 0.001) and dIPAG (each p < 0.001); however, this effect was blocked by treat-
ment with TC-MCH 7c¢ (p < 0.001 vs. MCH).

Furthermore, the expression levels and activation of CB1R exhibited interactions with paw withdrawal fre-
quency and the mPFC, respectively, following CFA-induced pain. A Spearman rank correlation coefficient analy-
sis showed that reductions in paw withdrawal frequency were correlated with the increased expression levels and
activation of CBIR in the VIPAG (r=—0.6223, p < 0.01 for CB1R; r = —0.6421, p < 0.01 for c-Fos/CB1R) and the
dIPAG (r=—0.7930, p < 0.001 for CB1R; r=—0.7413, p < 0.01 for c-Fos/CB1R). The Spearman rank correlation
analysis also revealed that the increased expression levels and activation of CB1R in the mPFC interacted with
those in the VIPAG (r=0.7145, p < 0.001 for CB1R; r=0.5370, p < 0.05 for c-Fos/CB1R) and dIPAG (r=0.7527,
P <0.001 for CB1R; r=0.6314, p < 0.01 for c-Fos/CB1R; Fig. 8).

Discussion

Chronic pain affects millions of individuals around the world and is often accompanied by dramatic changes in
quality of life. The needs of patients with chronic pain are largely unmet due to the poor efficacy and side effects
of current treatments, and therefore, the development of new treatments is necessary. This study indicated that
the hypothalamic neuropeptide MCH mediates the development of pain behaviors in pMCH '~ mice. Although
the i.n. administration of MCH inhibited nociceptive behaviors associated with CFA-induced inflammatory pain,
these MCH-induced effects were blocked by a MCHIR antagonist. The effects of MCH were also evident in the
PSNL-induced neuropathic pain model. Furthermore, the present study demonstrated the possible roles of the
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Figure 7. Changes in CBIR in the mPFC after i.n. administration of MCH in the CFA-induced inflammatory
pain model. Representative figure showing the mPFC region in the mouse brain (A) and the distribution of
MCH in the mPFC 30 min after the i.n. administration of MCH-FITC (10 g/30 pl) or saline. DAPI: blue;
MCH-FITC: green. Scale bar: 400 jum and 30 pum (B). Representative graphs showing the expression levels and
activation of CB1R in the mPFC 2h after the i.n. administration of MCH (10 ug/30ul) on the 4 day after CFA
injection. A MCHI1R antagonist, TC-MCH 7c¢ (10 mg/kg, i.p.), was administered 30 min prior to treatment

with MCH. CB1R- and/or c-Fos-positive cells in the mPFC were counted. Scale bar: 100 and 30 pm (C). The
results were analyzed with a one-way ANOVA followed by Newman-Keuls post hoc tests (D-F). n = 6/group.
#kkp < 0.001 vs. the Control group, *#p < 0.001 vs. the CFA group, and ¥¥p < 0.001 vs. MCH group. Data are
expressed as means = SEM. Figures show data for the correlation between mechanical allodynia and a change in
CBIR after i.n. MCH administration. The r-values were analyzed using a Spearman rank correlation coefficient.
mPFC: medial prefrontal cortex; CB1R: cannabinoid 1 receptor; MCH1R: MCH 1 receptor.

endogenous opioid and endocannabinoid analgesic systems in the antinociceptive effects of MCH. Ln. treatment
with MCH increased the number of CB1Rs as well as the activation of this system, and these changes were neg-
atively correlated with the pain behaviors in the mPFC, vIPAG, and dIPAG. To our knowledge, this is the first
report suggesting an analgesic effect of MCH in pain models.

MCH is synthesized exclusively in the lateral hypothalamus and zona incerta but MCH neurons project widely
throughout the CNS, which suggests that MCH may function as a neurotransmitter and/or neuromodulator to
regulate many physiological functions, including sleep, feeding, and reward!>*-3!. While the role of MCH in pain
was not revealed until recently, microdialysis studies showed that MCH concentrations in the amygdala are rela-
tively lower in epileptic patients upon feeling pain and that these levels are restored by morphine treatment®. The
present study aimed to determine the involvement of MCH in pain modulation by comparing nociceptive behav-
iors between pMCH ~/~ and pMCH*/* mice. The results indicated that the baseline pain sensitivity was greater in
pMCH '~ than pMCH*/* mice. The time to reach the maximum level of mechanical allodynia was significantly
shorter in pMCH ™~ mice than pMCH™* controls in both the CFA-induced inflammatory and PSNL-induced
neuropathic pain models. In the later stages of pain (after Days 4 and 7 of pain induction in each model), the lev-
els of pain remained higher in pMCH /'~ mice than in pMCH™'* mice, but these differences were not significant.
It is possible that the pain response could not increase further after reaching a peak level. Taken together, the pres-
ent results indicate that MCH plays important roles in the modulation of pain. However, pMCH encodes MCH
as well as two neuropeptides, neuropeptide EI (NEI) and neuropeptide GE (NGE)*, and may cause an alternative
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Figure 8. Changes in CB1R in the VIPAG and dIPAG after i.n. administration of MCH in the CFA-induced
inflammatory pain model. Histological examination of immunofluorescent tissue sections from the vIPAG
(A-T) and dIPAG (J-R) of mice showing the activation of CB1R in the vIPAG and dIPAG 2h after the i.n.
administration of MCH (10pg/30 ul) on the 4™ day after CFA injection. A MCHIR antagonist, TC-MCH 7¢
(10 mg/kg, i.p.), was administered 30 min prior to treatment with MCH. Cells positive for CBIR (red) and/or
c-Fos (green) in the vIPAG (A) and dIPAG (J) were visualized under a microscope. CB1R- and/or c-Fos-positive
cells in the VIPAG (B-D) and dIPAG (K-M) were counted. PAG structure: vVIPAG region (G) and dIPAG region
(P). Scale bar: 100 and 30 pm. All groups: n=6. *p < 0.05, ***p < 0.001 vs. the Control group, “**p < 0.001 vs.
the CFA group, and ¥*&p < 0.001 vs. MCH group. The data were analyzed with a one-way ANOVA followed

by Newman-Keuls post hoc tests (B-D and G-I). Data are expressed as means = SEM. The expression levels
and activation of CB1R in the VIPAG and dIPAG, respectively, were correlated with paw withdrawal frequency
(E,EN, and O) or with those in the mPFC (H,L,Q, and R). The r-values were analyzed with the Spearman rank
correlation coeflicient. vIPAG: ventrolateral PAG; dIPAG: dorsolateral PAG; CB1R: cannabinoid 1 receptor.

splice variant, MCH-gene-overprinted-polypeptide (MGOP), and an encode antisense-RNA-overlapping-MCH
(AROM)***, Therefore, MCH as well as other proteins encoded by pMCH, including NEI, NGE, MGOP, and
AROM, may contribute to the phenotype of pMCH '~ mice.
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Next, to investigate the role of MCH in the modulation of pain, we tested whether the i.n. administration
of MCH could modulate pain behaviors via neurological activity. As expected, administration of MCH (10-
25pg/30pl, i.n.) exerted dose-dependent antinociceptive effects against thermal noxious stimuli in the hot-plate
test.

Additionally, both a single treatment (10 pg/30 pl, i.n.) and the repeated administration (10 ug/30pl, once per
day for 5 days, i.n.) of MCH inhibited pain behaviors after CFA-induced inflammatory pain, suggesting a role of
MCH as a potential analgesic agent. In this model, the analgesic effects of i.n. MCH lasted for at least 60 min after
its administration, and the effects were equivalent to those of diclofenac (10 mg/kg, i.p.), an NSAID. The present
study also compared the effects of MCH (10 ug/30pl, i.n.) with or without the presence of a MCHRI antagonist,
TC-MCH 7c¢ (10 mg/kg, i.p.), and found that the anti-allodynic effects of MCH totally disappeared following
pretreatment with the MCHR1 antagonist. These results indicate that the effects of MCH were dependent on
ligand-receptor interactions rather than due to unspecific effects.

Because the pharmacological treatment of neuropathic pain remains challenging**®, the present study also
examined the effects of MCH in the PSNL-induced neuropathic pain model. The repeated administration of
MCH (10 pg/30 pl, once per day for 7 days, i.n.) produced a significant decrease in the mechanical allodynia
induced by PSNL surgery and the degree of the anti-allodynic effect gradually increased over time.

Additionally, the present study aimed to characterize the endogenous analgesic mechanisms involved in MCH
inhibition of CFA-induced inflammatory and PSNL-induced neuropathic pain using several receptor antagonists.
The opioid receptor antagonist naltrexone blocked the anti-allodynic and analgesic effects of MCH in both pain
models. Opioid receptors, the mu, kappa, and delta receptors, are widely distributed in the central and peripheral
nervous systems. Opioids inhibit pain transmission mainly by interacting with these G protein-coupled recep-
tors at presynaptic and postsynaptic sites in the dorsal horn of the spinal cord and by increasing descending
inhibition from the brain and brainstem to the spinal cord®. The endogenous opioid system also inhibits noci-
ceptive transmission in the ascendant pathway, activates the descending inhibitory pathway, and modifies the
limbic system to inhibit the emotional perception of pain®-%°. Some interactions between endogenous opioid and
MCH systems have been proposed, including prevention of MCH-induced feeding by blockade of the kappa-,
mu-, and delta-opioid receptors**2, and antagonism of MCH-stimulated hedonic responses by kappa-, mu-, and
delta-opioid receptor antagonists*’. Further studies are needed to elucidate the roles of the endogenous opioid
system in the modulation of pain by MCH.

Next, we demonstrated that the endocannabinoid system is also related to the analgesic effects of MCH, as
the effects of i.n. MCH administration were markedly inhibited by a CB1R antagonist in both the inflammatory
and neuropathic pain models. Several studies have suggested that there are interactions between the cannabinoid
and MCH systems. For example, introduction of the endocannabinoid receptor ligand, 2-arachidonoyglycerol,
into the rat lateral hypothalamus increases REM sleep and c-Fos expression in MCH neurons* and combined
treatment with CBIR and MCH1R antagonists synergistically induces anti-obesity effects in diet-induced obese
mice®. The endocannabinoid system is an important regulator of the endogenous pain control system, which,
along with the opioid system, plays an important role in the development and resolution of pain as well as in the
affective components of pain“®*’. The cannabinoid system also inhibits synaptic transmission and controls syn-
aptic plasticity in pain pathways via activation of the G protein-coupled CB1 and CB2 cannabinoid receptors®.
CBI1Rs are widely distributed throughout the brain*$-*°, whereas CB2 receptors are most highly expressed in
peripheral cells*®. CBR activity inhibits ascending nociceptive transmission, activates the inhibitory descending
pathway, and modifies the emotional aspects of pain®>*'. These effects of the endocannabinoid system on the
control of pain occur at the peripheral, spinal, and supraspinal levels>2.

As current knowledge regarding the importance of the cannabinoid system in pain modulation has progressed,
the mPFC has received an increasing amount of attention®. It is now known that the descending inhibitory pain
system®*** as well as higher centers of the brain, including the frontal lobe, anterior cingulate cortex, insula, and
amygdala, are involved in the descending modulation of pain®%. The mPFC is responsible for a variety of executive
functions and is closely connected to limbic areas (e.g., amygdala) that play key roles in emotion**>%. Recent
evidence has shown that pain-related neuroplastic changes in the mPFC-limbic network contribute to emotional
responses and enhance pain sensitivity”” and that there are functional and structural abnormalities in the mPFC
regions of patients with pain®. Additionally, rodent models of arthritis®® and neuropathic pain® have observed
reduced activity in output neurons in the mPFC. CB1Rs in the mPFC are thought to play an important role in the
abnormal synaptic inhibition observed in pain models®’; therefore, the restoration of mPFC outputs using CB1R
agonists would be expected to alleviate pain®"%2,

Based on the abovementioned findings, the present authors postulated that CB1Rs in the mPFC would be
associated with the effects of MCH. MCH is effectively delivered and distributed to regions around the mPFC
following the i.n. application of FITC-labeled MCH”'¢, and it is known that MCHI1Rs are expressed in this region
as well’®. In the present study, MCH treatment significantly restored reductions in the number of CB1Rs in the
mPFC in the CFA group. Interestingly, the changes in CB1Rs in this region were negatively correlated with pain
behaviors, which implies that the increased expression of CB1Rs may reflect decreases in pain. Furthermore, the
MCH-induced increases in CB1Rs were blocked by a MCHI1R antagonist, which indicates that MCH1Rs mediate
the effects of MCH.

The present study also examined the activation of CBI1Rs by assessing the number of cells that co-expressed
c-Fos/CB1R. Although a decrease in activated CB1Rs was not evident, MCH treatment increased the activation
of CB1Rs compared to the Control and CFA groups, and these changes were correlated with reductions in pain
behaviors. It has been previously reported that microinjections of MCH into the dorsal raphe nucleus and baso-
lateral amygdala induce depression-like behaviors!®%’. However, contrary to previous findings, analyses of the
TST and FST revealed that treatment with an anti-hyperalgesic dose of MCH for either 7 or 14 days decreased
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depression-like behaviors in the CFA and PSNL pain models. Thus, it is possible that changes in CB1Rs in the
mPFC play important roles in the modulation of emotional deficits as well as in pain sensitivity.

Neuroimaging studies have shown that pain in humans is associated with activity in the mPFC and PAG®.
These brain areas exhibit strong connectivity and form a network that allows for the top-down modulation of
nociception®. Additionally, robust projections between the mPFC and PAG have been identified in rodents®,
and the PAG is known to play an essential role in descending modulation through projections onto the rostral
ventromedial medulla, which can exert either facilitating or inhibitory effects on the spinal cord®’-%. Although
MCH1Rs are not expressed in the mouse PAG', it is possible that molecular changes in the mPFC (i.e., increased
expression levels and the activation of CB1Rs) affect PAG activity and result in the modulation of pain transmis-
sion. In the present study, CBIR levels in the mPFC were highly correlated with those in the vIPAG and dIPAG.
It is well known that CB1Rs activate the descending inhibitory pathway via the inhibition of GABA release in the
PAG*7°, The immunofluorescence analyses performed in the present study demonstrated that the expression
levels of CB1Rs within the vIPAG and dIPAG were lowered in the inflammatory pain model, which is consistent
with previous findings”'~7>. In contrast, the decreases in the expressions of CB1Rs were attenuated following i.n.
MCH treatment but were inhibited by pretreatment with a MCHIR antagonist. Furthermore, MCH treatment
enhanced the activation of CB1Rs in these areas. Consequently, it can be postulated that the i.n. administration
of MCH modulated higher centers of the brain, including the mPFC, which subsequently induced changes in the
PAG and resulted in the activation of the descending inhibitory pathway. However, further studies are required
to gain a better understanding of the contribution of the cannabinoid system to the analgesic effects of MCH.

In the present study, MCH was delivered via i.n. administration, which allowed the peptides to rapidly enter
the brain and directly bypass the blood-brain barrier’*7¢. The intranasally administered FITC-labeled MCH
(10pg/30pul) was distributed to various brain regions, including the PFC, nucleus accumbens, and hippocam-
pus, within 30 min of administration (data not shown). This finding is consistent with those of previous studies
showing that peptides delivered via i.n. administration are detected at maximal levels after 30 min and can be
detected after 6 h7®”7. Although changes in CBIR levels were observed in the mPFC, vIPAG, and dIPAG following
the administration of i.n. MCH, other brain regions (including the spinal cord, striatum, nucleus accumbens,
and amygdala) may also contribute to the blockade of allodynic and hyperalgesic abnormalities associated with
inflammatory and neuropathic pain.

Intranasally administered MCH can spread to various parts of the brain as well as to the blood stream. In
addition to its localization in the CNS, MCH1Rs are also found in peripheral tissues, such as the thyroid, kidney,
adipose tissue, lung, testes, and tongue’®”, where they perform various physiological functions. Although the
peripheral actions of MCH are not yet well understood relative to its functions in the CNS, lower levels of intes-
tinal inflammation®® and intestinal tumorigenesis®' and an increased mortality against intestinal pathogens®” are
evident in MCH KO mice, which suggests that the peripheral functions of MCH should be considered®.

The present study also investigated whether the administration of MCH (i.n.) for 5 consecutive days would
induce intestinal inflammation by measuring macroscopic damage in terms of hyperemia, changes in the thick-
ness of the colon wall, and the extent of ulceration®. There were no abnormal signs of inflammation in the intes-
tines of animals in the CFA-induced pain model (Supplementary Fig. 2). The present study also examined the
effects of repeated MCH treatments on body weight and food intake in healthy mice for 3 weeks because MCH
was found to increase body weight and food intake in previous studies®*°. However, there were no significant
increases in body weight or food intake in MCH-treated mice compared with controls (data not shown). These
findings suggest that i.n. MCH treatment could be used as an analgesic agent without side effects, such as weight
gain. In any event, further long-term observation will be necessary to monitor the occurrence of possible adverse
events.

In conclusion, the present data demonstrated potential analgesic effects of MCH via i.n. administration on
both inflammatory and neuropathic pain, thus suggesting new potential therapeutic applications of this peptide
in addition to its previously described effects.

Methods

Animals. The present study included 8-week-old male C57BL/6 mice weighing 24-26 g (Samtaco; Seoul,
Korea). pMCH /'~ mice with a C57BL/6 background® were obtained from Jackson Laboratory (Bar Harbor, ME,
USA), and littermates were generated by breeding heterozygous mutants. All animals were housed at 24 +2°C
under a 12-hour light/dark cycle (lights on from 08:00 to 20:00) with free access to food and water for at least 1
week prior to commencement of the experiments. All animals were randomly assigned to each group. All exper-
iments were performed in accordance with the institutional guidelines and regulations for the care and use of
laboratory animals, and all experiments were approved by Kyung Hee University Animal Care Committee for
Animal Welfare (KHUASP(SE)-11-022), Seoul, Korea. The authors made every effort to minimize the number of
animals used and their suffering.

Induction of inflammatory pain using CFA. In the present study, a CFA oil suspension diluted with
saline (1:1) was used to induce chronic inflammation pain. All mice were anesthetized with ether prior to injec-
tion and then received an intraplantar (i.pl.) injection of a CFA (100 pl, Sigma; St. Louis, MO, USA) emulsion
solution into both hind paws bilaterally. The Control group received an identical injection of an equal amount of
saline>®,

Induction of neuropathic pain by PSNL. A PSNL-induced pain model developed by Malmberg and
Basbaum® was employed in the present study. All mice were anesthetized with 2% Zoletil (100 pl, i.p.; Virbac
S.A.; Carros, France) and Rompun (100 pl, i.p.; Bayer; Seoul, Korea), and the left thigh was then shaved so the
sciatic nerve was exposed. The dorsal one-third to one-half of the nerve was loosely ligated with 8-0 silk (AILEE;
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Busan, Korea), and the wound was closed. In the Sham group, the nerve was exposed without ligation. Animals
were assigned to each group by random allocation, and baseline testing was conducted on Day 7 after surgery.

I.n. administration of MCH. Ln.administration is a noninvasive method used to bypass the blood-brain
barrier that allows for the delivery of drugs from the nasal cavity to the brain®. Although microinjections have
been widely used for the brain-specific delivery of MCH!'®, this surgical method is quite invasive and requires
the anesthetization of experimental animals. Therefore, the i.n. administration procedure was performed as
an alternative method of delivering MCH into the brain, as described previously”. Briefly, MCH (3806, Tocris
Biosciences; Bristol, UK) was dissolved in saline, and the MCH solution (5, 10, 15, 20, or 25 pg/30 ul) was then
dropped onto the noses of the mice, which caused them to inhale the solution. The mice in the control/sham and
pain model groups inhaled an equal amount of i.n. saline to approximate equal levels of stress.

In the CFA group, either a single administration of MCH (10 ug/30 pl) on the 4% day after the CFA injection
or repeated treatment with MCH (10 pg/30pl) for 5 consecutive days from the 4t day after CFA injection was
employed. Alternatively, diclofenac (10 mg/kg, i.p.; Sigma) was dissolved in saline and administered 4 days after
the CFA injection. In the PSNL-induced pain model, chronic i.n. MCH was administered for 7 consecutive days
from Day 7 after the PSNL surgery. All treatments were performed at the same time every day to control for cir-
cadian differences.

Mechanical allodynia test. Mechanical allodynia in both hind paws was assessed using electronic von
Frey filaments (II'TC; Woodland Hills, CA, USA) in both the CFA and PSNL-induced pain models. Prior to
beginning the present experiment, all mice were habituated in a clear 8 x 10 x 10-cm acrylic box with a gridded
floor to allow for adaptation to the experimental environment. Adaptation was performed for 1h each day for 2
days, and baseline behaviors were assessed at least 1 day prior to the saline/CFA injection and sham/PSNL sur-
gery. Subsequently, all mice were returned to the same clear box, and the mechanical thresholds were assessed
by applying the filament to each mouse 10 times at a force of 0.6 g to the plantar surface of each hind paw with a
5-s gap between each application. The frequency of positive responses among the 10 applications was counted?,
and mechanical allodynia was defined as an increase in the withdrawal frequency in response to non-painful
stimulation. The values of the bilateral hind paws in the CFA-evoked pain model were averaged. Additionally, to
determine whether there was any difference in the induction time required to reach a peak level of pain, the with-
drawal frequency was converted to a relative value of the peak level of pain, and the data were then compared. The
peak level of pain was defined as a difference of >7 points in the withdrawal frequency, and the relative allodynic
response was then calculated (% of the peak level of pain).

Thermal hyperalgesia test. Thermal hyperalgesia was measured using the hotplate test (Bioseb; Pinellas
Park, FL, USA) in the CFA-induced pain model. Mice were placed on a hot plate maintained at 52.5°C and the
times to lick any side of the hind paw or to jumping were analyzed (latency time). The time on the plate was
recorded for a maximum of 40 s to avoid tissue damage and the values of two trials were averaged. The baseline
measurement was conducted 1 day prior to saline or CFA administration (i.pl.). The test measurements were then
performed 1h prior to the MCH or saline i.n. treatments (0 min), which were measured 30 and 60 min after the
MCH or saline i.n. administrations, respectively.

Depression-like behavior tests. Depression-like behaviors were assessed with the TST or FST and all
behavioral data were recorded using a video camera (LCS-X30, SONY; Tokyo, Japan). For the TST, mice were
suspended by their tails 50 cm above the floor using labeling tape and immobility time was recorded for 6 min. For
the FST, mice were placed in a cylinder (10 cm x 25 cm; diameter x height) filled with water at a temperature of
27°C for 6 min. Immobility time was monitored during the last 4 min of the 6-min test and defined as the absence
of escape-oriented behavior. Immediately after the trial, mice were placed under a heating towel to dry.

Effects of MCH1R, opioid, cannabinoid, adrenergic, and/or serotonergic receptor antagonists
on MCH activity. Pain is modulated by several pathways including the opioid, cannabinoid, adrenergic, and
serotonergic systems. In the present study, antagonist challenges were applied to determine the involvement of
these specific analgesic mechanisms in the effects of MCH. An opioid receptor antagonist (naltrexone, 5 mg/kg;
Sigma), al adrenoreceptor antagonist (prazosin hydrochloride, 1 mg/kg; Sigma), a2 adrenoreceptor antagonist
(yohimbine hydrochloride, 1 mg/kg; Sigma), and 5-HT1/2 receptor antagonist (cyproheptadine hydrochloride,
1 mg/kg; Sigma) were dissolved in saline®”. While a CB1R antagonist (AM251, 4 mg/kg; Sigma) was dissolved in
a solution of Tween-80, ethanol, and saline (1:1:18)*%. Additionally, to investigate whether the effects of MCH
were mediated via MCHI1R, a MCHI1R antagonist, TC-MCH 7c¢ (10 mg/kg; Tocris Biosciences) was dissolved in
1% dimethyl sulfoxide (DMSO; Sigma)®° prior to its administration. All receptor antagonists were intraperitone-
ally injected 30 min prior to MCH treatment.

Immunofluorescence analysis.  All animals were slightly anesthetized with dimethyl ether (Sigma) inhala-
tion anesthesia transcardially perfused with 1 x phosphate buffered saline (PBS, Biomedic; Seoul, Korea) followed
by ice-cold formalin (10%; Sigma). The brains were removed, post-fixed, and cryoprotected overnight in sucrose
(30% w/v in 1 x PBS) before being sectioned on a freezing microtome (CM 1850, Leica; Nussloch, Germany).
For the double immunofluorescence procedure, coronal sections that included the PFC and PAG (40 pm thick)
were selected for c-Fos/CB1R staining (two sections per mouse; n = 6/group). The selected sections were washed
three times and then incubated in 5% bovine serum albumin (BSA, Merck Millipore; Darmstadt, Germany)
and 0.2% Triton X-100 (Sigma) in 1x PBS (PBST) for 1 h. Primary antibodies raised against NeuN (mouse,
1:500, MAB377; Chemicon International, Inc.; Temecula, California), c-Fos (rabbit, 1:200, SC-52; Santa Cruz
Biotechnology; Santa Cruz, CA, USA), and CBIR (goat, 1:500, SC-10066; Santa Cruz Biotechnology) were diluted
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in 1x PBST supplemented with 0.1% BSA. The plates were wrapped in foil to block light and then stored at 4°C
for 72h. Next, the tissue sections were washed in PBST and sequentially incubated for 1 h with a mixture of Alexa
488 conjugated donkey anti-mouse secondary antibody (1:1000; Thermo Fisher Scientific; Fremont, CA, USA),
Alexa 488 conjugated donkey anti-rabbit secondary antibody (1:100; Thermo Fisher Scientific), and Alexa 594
conjugated donkey anti-goat secondary antibody (1:500; Thermo Fisher Scientific). For primary antibody control
purposes, brain sections were performed with 1x PBST instead of primary antibody. Additionally, to further
check the specificity, the primary CB1R antibody was preabsorbed overnight at 4 °C with its CBIR peptide (1:10,
ab50542; Abcam, Cambridge, UK) before incubation on the brain sections.

After the staining procedure was completed, the tissues were mounted on gelatinized slides and coverslipped.
The numbers of c-Fos and CBIR double-positive cells within the mPFC, vIPAG, and dIPAG were counted three
times by a researcher blind to each group. Cell counting was performed using a square grid (200 pm x 200 pm)
in each brain region and the mean counts obtained were defined as the numbers of c-Fos and CB1R positive cells.
All images were obtained using a confocal fluorescence microscope (BX53; Olympus Corporation; Tokyo, Japan).
Additionally, to certify that the signals were trustworthy, no primary antibody controls were used.

Distribution of FITC-labelled MCH afteri.n. administration. Thirty minutes after the i.n. administra-
tion of either MCH-FITC (10 ug/30 pl, GL Biochem; Shanghai, China) or saline (30 pl), the slightly anesthetized
mice were transcardially perfused with PBS followed by ice-cold 10% formalin. The brains were immediately
removed and stored at —80°C for 1 h. Next, coronal sections (40 pm thick) of the brain were cut to encompass the
entire brain. Coverslips were mounted using mounting medium containing DAPI (H-1200, Vector Laboratories
Inc.; Burlingame, CA, USA) and all images were obtained using a confocal fluorescence microscope (BX53,
Olympus Corporation).

Macroscopic examination. Possible side effects of MCH were evaluated by a macroscopic examination
of intestinal status after treatment with MCH (10 pg/30 ul) for 5 consecutive days. The small and large intestines
of the anesthetized mice were immediately removed after sacrifice and the degree of thickness of the colon wall,
hyperemia, and the extent of ulceration were assessed.

Statistical analysis. All statistical parameters were calculated using GraphPad Prism 5.0 software
(GraphPad Software; San Diego, CA, USA). Unpaired two-tailed t-test was used for comparing the different
of pain responses between MCH*'+ and MCH~/~ mice. Group comparisons of dose-response data based on
thermal pain threshold, depression-like behaviors based on the TST and FST, and immunohistochemical data
were performed with one-way analysis of variance (ANOVA) tests followed by Newman-Keuls tests. Analyses of
mechanical and thermal pain at various timepoints were performed with two-way repeated measures ANOVAs
and Bonferroni post hoc tests for pairwise multiple comparisons. Spearman rank correlation coeflicient tests
were performed to analyze whether the changes in CB1Rs and their activation in the mPFC and PAG were corre-
lated with pain behaviors. all data are expressed as a mean =+ standard error of the mean (SEM). For all analyses,
P <0.05 was considered to indicate statistical significance.
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