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Abstract

Non-Opioid Alternative therapeutics for Chronic
Pain: Validation of Analgesic effects of Naloxone
and Refeeding

Chronic pain is a major public health problem worldwide that is highly
prevalent. Among the available pharmacological treatments, opioids are
widely used to treat moderate-to-severe chronic pain. Although these
drugs are important tools for treating acute postoperative and traumatic
pain, their comparative effectiveness and usefulness for chronic pain are
questioned. Also, the misuse and addiction to opioids is a serious national
crisis that affects public health as well as social and economic
welfare. Surprisingly, in 2019, nearly 50,000 people in the United
States died from opioid-involved overdoses. Therefore, exploring
alternative effective treatments for chronic pain is important to decrease
or eliminate opioid use. Hence, in this thesis, [ aimed to explore the non-

opioid treatments for chronic inflammatory pain.

In the first chapter, I focused on non-opioid pharmacological
management. Alteration of the opioid system in the brain is known to
exacerbate chronic pain. Hence, I focused on reversing the altered brain
opioid system with pain chronification. In this chapter, using the
Complete Freund’s adjuvant-induced (CFA) chronic inflammatory pain
animal model, I showed that the kappa opioid system was enhanced, and

the mu-opioid system was suppressed within the nucleus accumbens
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(NAc) and the central nucleus of the amygdala (CeA), but not in other
brain areas. Systemic administration of a general opioid antagonist
(naloxone, 10 mg/kg), or a kappa opioid receptor antagonist
(norbinaltorphimine, nor-BNI 10 mg/kg) reduced spontaneous pain
behavior in the CFA model. Furthermore, microinjection of both naloxone
and nor-BNI into the NAc and CeA also significantly reduced spontaneous

chronic pain behavior.

Since chronic pain has emotional and cognitive features, there is
a limit to control pathological pain through pharmacological treatment.
Therefore, | aimed to study non-pharmacological treatment of chronic
pain in chapter 2. Lifestyle factors such as physical inactivity, stress, poor
sleep, and unhealthy diet are associated with chronic pain. Among them,
feeding behavior modification is accessible for every patient. Hence, I
focused on managing chronic pain via feeding behavior modification in
this chapter. Accumulating evidence showed analgesic effect of fasting
and refeeding after 24 hr fasting. However, while brain circuits mediating
fasting-induced analgesia have been identified, the underlying
mechanism of refeeding-induced analgesia is still elusive. Hence, I sought
to explore the underlying mechanism of refeeding-induced analgesia in
this chapter. I demonstrated that the neural activities in the nucleus
accumbens shell (NAcS) and anterior insular cortex (alC) were increased
in chronic inflammatory pain conditions, which was reversed by
refeeding. I also found that refeeding reduced the enhanced excitability of

alC - NAcSP2R projecting neurons in this CFA model. Besides,



chemogenetic inhibition of alC-NAcSP2R neural circuit suppressed

chronic pain behavior while activation of this circuit.

Altogether, my thesis provides an alternative non-opioid
treatment option for managing chronic pain without causing significant

side effects, which may allow the reduction of opioid use.

Key Words: chronic pain; dopamine; insular cortex; nucleus accumbens;

opioid; refeeding
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Background
1. Brain pain processing system

Noxious stimuli are transmitted from nociceptors by primary afferent A
and C fibers and synapse with neurons in the spinal dorsal horn [12].
Projection neurons from the dorsal horn decussate at the ventral
commissure and ascend in the lateral spinothalamic tract to the ventral
posterolateral nuclei of the thalamus. Finally, the information is
transmitted to the brain [9,13]. Nociceptive information is transmitted to
not only somatosensory but also brain areas involved in memory and
affective aspects of pain, such as the amygdala, hypothalamus,
periaqueductal grey (PAG), and nucleus accumbens (NAc) through the
spinoreticular and spinomesencephalic tracts [9,14] (Fig. 1). Descending
pain modulatory systems involve the PAG and rostral ventral medulla
(RVM). The RVM is the major output node in the descending modulation
of nociception. It receives input from the PAG and sends diffuse bilateral

projections to the dorsal horn, terminating at multiple levels [19].


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6650904/#B12-ijms-20-03130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6650904/#B9-ijms-20-03130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6650904/#B13-ijms-20-03130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6650904/#B9-ijms-20-03130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6650904/#B14-ijms-20-03130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6650904/#B19-ijms-20-03130

2. Chronic pain and central nervous system

Chronic pain is a common and complex problem, which has a significant
impact on society and individuals. In 2019, 20.4% of U.S. adults had
chronic pain and 7.4% of adults had chronic pain that limits activities .
The types of chronic pain are vary depending on the etiology. However,
there are common mechanisms underlying the generation of chronic pain.
The perception of pain arises through a complex peripheral signaling,
central processing, cortical activation, and finally behavioral
response. Interestingly, numerous recent animal and clinical studies show
functional and structural changes in the central nervous system (CNS)
under chronic pain condition (Fig. 2). Especially, functional imaging
studies show abnormalities in the brain regions, often referred to as the
"pain matrix," even with different types of chronic pain. The development
of chronic pain is associated with synaptic plasticity, structural and
functional changes in corticolimbic brain regions such as the prefrontal

cortex, ACC, amygdala, hippocampus, NAc, and PAC .
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3. Limbic system and chronic pain

The limbic system are associated with affective aspects of pain and
regulate emotional and motivational responses . Changes in emotional
and motivational cues can affect the intensity and degree of pain
experience. Since the limbic system is involved in emotion, motivation,
and reward-related behaviors, this suggests that the processing of pain
perception can be influenced by changes in these functional
connections. The nucleus accumbens (NAc) is a part of mesolimbic
dopaminergic system which plays important role in reward, motivation
and addiction. The NAc is a neuroanatomically and functionally
heterogeneous structure, made up primarily of two main subregions, a
core (NAcC) and a shell (NAcS) (Fig. 3A). It is composed with 97% of
GABAergic medium spiny neurons (MSN) and 3% of interneurons. MSNs
are segregated into those expressing dopamine receptor type 1 (D1R) or
dopamine receptor type 2 (D2R) (Fig. 3B). D1R expressing neurons are
known to encode positive valence/reward, whereas D2ZR expressing
neurons encode negative/aversive responses. Recently, the NAc has been
investigated as having a critical role in modulating chronic pain in humans
and animal models. Several animal studies show release of dopamine in
the mesolimbic system with noxious stimuli and pain relief, but the
dopamine release is decreased under chronic pain condition . Also, in
clinical studies, patients with chronic back pain demonstrate reduced
dopamine release in response to noxious challenges . Although fMRI
studies show decrease in volume in the NAc in chronic pain, the activity

in this region collectively increases .
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4. Opioid management in chronic pain

The opioid is widely used for pain management. Opioids exert their
pharmacological actions through three opioid receptors, mu, delta and
kappa (Fig. 4A) in both the central and peripheral nervous systems.
Within the central nervous system, opioids have effects in many areas,
including the spinal cord. The opioid drugs produce analgesia by actions
at several levels of the nervous system, in particular, inhibition of
neurotransmitter release from the primary afferent terminals in the
spinal cord and activation of descending inhibitory controls in the
midbrain (Fig. 4B). Opioids are good analgesics for acute pain, but
evidence indicates that opioids are less effective for chronic pain than
acute pain. Opioids have a high potential for causing misuse and it became
a serious national crisis that affects public health as well as social and
economic welfare. The number of drug overdose deaths increased by
nearly 5% from 2018 to 2019 and has quadrupled since 1999 and over
70% of the 70,630 deaths in 2019 involved an opioid .

12



5. non-pharmacological management of chronic pain

Lifestyle factors such as physical inactivity, sedentary behavior, stress,
poor sleep, unhealthy diet, and smoking are associated with chronic pain
(Fig. 5A). For example exercises attenuate and prevent chronic pain via
activation of mesolimbic dopaminergic system and dietary pattern is
known to influence the most the occurrence, maintenance, and
perception of chronic pain. Therapeutic fasting techniques include
intermittent fasting (e.g., 60% energy restriction every other day), partial
fasting (e.g., 5-day diet providing 750-1100 kcal), and time-restricted
feeding (limiting the daily period of food intake to <8 h). Therapeutic
fasting provides advantages on the peripheral system such as reducing
the proinflammatory state and oxidative stress, consecutively increasing
cellular metabolism and promoting stem cell-based regeneration . Also,
accumulating evidences report that fasting improves brain functions

(Fig. 5B).
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Figure 1.

Several brain areas such as cortical and subcortical sensory, limbic, and
associative areas are activated with pain. These include the primary
somatosensory cortex (S1) and secondary somatosensory cortex (S2)
ventrolateral prefrontal cortex (vIPFC), thalamus (Th), amygdala (Amy),
and periaqueductal gray (PAG). These regions receive ascending
nociceptive inputs both directly and via the parabrachial nucleus (not
shown). The effects of attention and emotion on pain sensation are
ultimately mediated by descending pathways from the vIPFC, dorsal
anterior cingulate cortex (dACC), and Amy to the PAG. The rostral
ventromedial medulla (RVM) involves functional connections between

the ventromedial PFC and the nucleus accumbens (NAc).

Fig. 1 adopted from Seymour, 2020
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Figure 2

‘Core’ Regions of Chronic Pain. Despite the different chronic pain
pathologies, some regions are consistently implicated across diseases.
These include, sites of nociception (dark grey) such as the Thal, dACC, SI,
SII, aINS, as well as sites of pain-related pain processing beyond
nociception (light grey) such as the Hipp, mPFC, BG, PCC, and IPL. Thal
thalamus, dACC dorsal anterior cingulate cortex, SI somatosensory I, SII
somatosensory II, aINS anterior insula, hipp hippocampus, mPFC medial
prefrontal cortex, BG basal ganglia, PCC posterior cingulate cortex,

and IPL inferior parietal lobule.

Fig. 2A adopted from Marianne C.ReddanTor D.Wager, 2018
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Figure 3. Nucleus accumbens

(A) Summary of monosynaptic inputs to the NAc core (top, red) and shell
(bottom, blue), considering D1R-MSNs and D2R-MSNs together. Line
thickness represents the number of inputs. (B) Types of medium spiny
neurons in the nucleus accumbens. D1 and D2 dopamine receptors exert
opposing effects on the same signaling pathway mediated by
heterotrimeric GTP-binding proteins. D1 receptor activation positively
affects adenylyl cyclase, and D2 receptor activation is either uncoupled

from adenylyl cyclase.
Fig. 3A adapted from Zhao Li, 2018

Fig. 3B adapted from Alexia Pollack, 2004
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Figure 4.
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THE OPIOID EPIDEMIC BY THE NUMBERS
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1.6 million
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SOURCES
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Figure 4. Opioid management

(A) Distribution of mu-, delta-, kappa-opioid receptors in the central

nervous system (B) Opioid crisis epidemics in numbers.
Fig. 4A adapted from Benarroch, 2012

Fig. 4B adapted from Trang, 2015
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Figure 5. Effect of time restrict feeding on the CNS.

(A) Lifestyle factors such as physical (in)activity, sedentary behavior,
stress, poor sleep, unhealthy diet, and smoking are associated with
chronic pain severity and sustainment. This applies to all age categories,
that is, chronic pain across the lifespan. (B) Intermittent fasting (IF)
improvements in cognitive capacity are supported by increased
neuronal resistance to excitotoxic stress, neurogenesis, and brain
plasticity, resulting in preserved learning and memory. IF can delay
Alzheimer’s disease progression independently of changes in neuronal
B-amyloid peptide accumulation. IF also prevents Parkinson’s disease
development through enhancements in mitochondrial function and

autophagy, along with reduction in oxidative imbalance.
Fig. 5A adapted from Nijs et al.,, 2019

Fig. 5B adapted from Cerqueira et al., 2019
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Purpose

Despite of high prevalence and use of excessive opioids, chronic pain
tends to difficult to treat. Moreover, the misuse and addiction to opioids
are serious national crisis. Therefore, alternative effective treatments for

chronic pain needs to be explored.

® Explore pharmacological treatment for chronic inflammatory
pain management (validate analgesic effect of opioid

antagonists in chronic pain)

® Explore non-pharmacological treatment for chronic
inflammatory = pain management (identify underlying

mechanism of refeeding-induced analgesia)

24
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Chapter 1

Paradoxical analgesia of opioid antagonists in the chronic

inflammatory pain condition

*This chapter includes reproductions from an article published by Grace
J. Lee, Shin Ae Kim, Yae Jin Kim, Seog Bae Oh 2021. Naloxone-induced
analgesia mediated by central kappa opioid system in chronic
inflammatory pain. Brain research, 2021, 1762, 147445. Doi:
https://doi.org/10.1016/j.brainres.2021.147445
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Abstract

Opioids are widely used for the treatment of pain, but their comparative
effectiveness and usefulness for chronic pain are questioned despite its
frequent use. Hence, this study is aimed to understand altered brain
opioid system in chronic pain conditions and identify the alternative
effective non-opioid treatment for chronic pain.  used modified complete
Freund's adjuvant (CFA)-induced chronic inflammatory pain model
throughout the study. First, I analyzed the density of prodynorphin
(ligand of the kappa-opioid receptor, KOR) and mu-opioid receptor
expression in the whole brain of the CFA model. The result showed that
prodynorphin was significantly enhanced, while mu-opioid expression
was significantly suppressed in the central nucleus of the amygdala (CeA)
and nucleus accumbens (NAc) but not in other brain areas. Interestingly,
systemic administration of non-specific opioid antagonist (naloxone, 10
mg/kg) induced paradoxical analgesia in spontaneous pain measure but
not mechanical allodynia in the CFA group. Similarly, systemic KOR
antagonist (norbinaltorphimine, nor-BNI 10 mg/kg) alleviated
spontaneous pain behaviors but not mechanical allodynia. Furthermore,
microinjection of naloxone and nor-BNI into the NAc and CeA
significantly reduced spontaneous chronic pain behavior. Taken together,
our results suggest that both non-specific opioid antagonists and kappa-
opioid antagonists may suppress spontaneous chronic inflammatory pain

behavior via blocking facilitated kappa-opioid systems in the NAc and CeA.

Key words: chronic pain; dynorphin; naloxone; spontaneous pain
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Abbreviations

ACC, anterior cingulate cortex; CeA, central amygdala; CFA, complete
Freund's adjuvant; IL-6, interlukin-6; i.p., intraperitoneal; KOR, kappa
opioid receptor; MOR, mu opioid receptor; NAc, nucleus accumbens; nor-

BNI, nor-Binalorphimine dihydrochloride; TNF-a tumor necrosis factor.
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Introduction
Chronic pain is a growing public health concern worldwide. Major
pathological manifestations of chronic pain include spontaneous pain,
hyperalgesia, and allodynia. In the clinical study, about 96% of chronic
pain patients answer to have spontaneous pain while less than 25% have
allodynia. Spontaneous pain is the main reason for subjects seeking
medical care and is the primary complaint of chronic pain patients. Such
conditions diminish the quality of life and increase anxiety and

depression.

Opioids are routinely prescribed to manage moderate to severe
pain. Opioids are effective against both spontaneous pain and mechanical
allodynia, but their comparative effectiveness and usefulness for chronic
pain are questioned. The opioid can be effective for short-term use, but a
lack of evidence supporting longer-term (>four months) effects or
superiority of opioids compared with other analgesics such as anti-
inflammatory and anti-depressant drugs. Especially, long-term use is
associated with addiction, misuse, depression, and hyperalgesia as opioid
receptors are expressed not only throughout the nociceptive pain
pathway but also regions involved in reward and emotion in the central
nervous system. Interestingly, reward and emotion-related brain regions
are known to be functionally disrupted in chronic pain, and these changes
might be related to the pharmacological action of opioids on spontaneous
pain and affective pain. Indeed, the clinical effects of opioids can be very
variable depending on receptor subtypes which are differentially

expressed and targeted by the drugs in the brain and spinal cord.
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Systemic kappa opioid receptor (KOR) agonist induces analgesic
effects via direct inhibition of pain pathways in the spinal cord. However,
the supraspinal KOR system contributes to the production of affective
pain rather than analgesia. The prototypical kappa opioid agonist,
ethylketocyclazocine, only produces analgesia following co-
administration into the periaqueductal gray and the locus coeruleus that
was blocked by the mu1-selective antagonist, naloxonazine.

The KOR system is also known to be facilitated within the limbic
system in chronic pain, resulting in suppression of the morphine-induced
rewarding effect in rats. Also, blocking KOR recovered mu opioid-
mediated dopamine release in the formalin-induced pain model, which
suggests the potential involvement of interactions between mu-opioid

receptor (MOR) and KOR in pain modulation produced by opioids.

Given the facilitation of KOR in the limbic system under chronic
pain conditions, we hypothesized that the activated KOR system may
exacerbate pain behavior, which might underlie decreased analgesic
effects of opioids under chronic pain conditions. In this study, we aimed
to further elucidate the association between the altered brain opioid
system and the effect of analgesics by using complete Freud’s adjuvant

(CFA)-induced chronic inflammatory pain model.
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Material and methods
Mice

6 weeks old male C57BL/6 mice were purchased from DooYeol
Biotech (Korea). The mice were housed 5 per cage at a temperature-
controlled room (23 £ 1 °C, 12 h/12 h light/dark cycle with lights on at
08:00) and maintained with standard lab chow (pellet diet) and water ad
libitum. All experimental procedures were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) at Seoul National
University (SNU-180518-1-1). All experiments were performed in
accordance with relevant guidelines and regulations that were confirmed

by IACUC.

Measurement of pain behaviors in CFA (complete Freund's

adjuvant)-induced pain model

20 pl of undiluted CFA (Sigma-Aldrich, St. Louis, MO, USA) was
injected into the plantar surface of the left hind paw. To extend the length
of CFA-induced inflammatory pain behavior, a second 20 ul of CFA
injection was given 7 days after the first. The CFA-induced spontaneous
pain behavior was video recorded and analyzed as previously described .
To assess mechanically evoked pain, the 50% paw withdrawal threshold
measured using von Frey filaments (North Coast Medical, Morgan Hill, CA,

USA) as previously described .
Administration of drug
Naloxone (TOCRIS Bioscience), a non-selective opioid antagonist

30



was diluted in 0.9% saline. KOR antagonist nor-Binalorphimine
dihydrochloride (nor-BNI) (TOCRIS Bioscience) were dissolved in 0.9%
saline. Systemic administration of naloxone (10mg/kg), nor-BNI
(10 mg/kg) were delivered via intraperitoneal (i.p.) injection (10 ml/kg).
For direct brain infusion, nor-BNI (5 pg/ul) and naloxone (1 pg/pul) was
dissolved in 0.9% saline and unilaterally microinjected (0.5 pl over 5 min)
into the contralateral NAc and CeA to achieve a dose of 2.5 pug for nor-BIN
and 0.5 pg for naloxone. Injectors were left in place for an additional 2 min

before removal.

Surgical procedures for microinjection

C57BL/6 mice were anesthetized with pentobarbital (50 mg/kg,
i.p.) and implanted with guide cannula (26-gauge, 4.6 mm of length,
Plastics One) aimed at the NAc (coordinates: anteroposterior (AP) 1.4
from bregma, mediolateral (ML) 0.5 from midline, dorsoventral (DV) -4.6
from skull surface) and CeA (AP -1.22, ML+ /- 3.0, DV -4.1). When
inserted, microinjector tips extended 0.5mm beyond the guide.

Microinjector for drug delivery was left in place for 2 min.

Immunohistochemistry

Following administration of pentobarbital (50 mg/kg), the
animals were transcardially perfused, first with PBS and then with a 4%
paraformaldehyde solution. Brains were post fixed at 4°C in
paraformaldehyde for 1 d following the extraction and cryoprotected in
30% sucrose for 3 days. The brains were then sectioned into 40 um slices

and preserved in PBS. Free-floating sections were rinsed in PBS,
31



incubated for 30 min in 0.3% hydrogen peroxide PBS solution to quench
endogenous peroxidase activity, rinsed several times in PBS, and
incubated in a blocking solution that contained 5% normal goat serum
diluted in 0.3% Triton X-100 in PBS for 60 min. The sections were
incubated in rabbit anti-prodynorphin polyclonal antibody (1:1000
dilution, ab11137 Abcam, UK) diluted in PBS that contained 0.5% Tween
20 and 5% normal goat serum for 48 h at 4°C. After incubation in the
primary antibody, the sections were rinsed three times for 10 min in PBS
and incubated for 2 h in biotinylated secondary antiserum made from
goat anti-rabbit antibody (1:200 dilution; Vector laboratories, USA) in PBS.
Then the sections were processed with ABC kit (PK-6100, Vectastain ABC
kit, Vector laboratories) for an hour and visualized with DAB kit (DAB
substrate kit for peroxidase, Vector laboratories). After several rinses in
PBS, the sections were mounted on coated glass slides, air dried,
dehydrated through a series of graded ethanols, and clearing agents. Then
permounted (Sigma-Aldrich, Germany) and examined under the bright-
field microscope (DM5000B, Leica). Images were all taken at 10x
magnification at one time to maintain identical lighting intensity and
color balance. Averaged number of prodynorphin positive neurons was
determined using inverted color images in Image] software (National
Institutes of Health). To detect MOR expression, sections were incubated
overnight in blocking buffer (0.3% Triton X-100, 2% bovine serum in PBS)
at room temperature. The primary antibodies guinea pig anti-mu opioid
receptor (1:200 dilution, nb100-1618, Novus biologicals) was diluted in

the blocking solution, and the sections were incubated for 48 h at 4 °C.
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The slices were washed three times for 10 min each in 0.1 M PBS. The
secondary antibody, Cy3 donkey anti-guinea pig (1:200 dilution, 706-165-
148, Jackson ImmunoResearch Laboratories), and DAPI (1:5000 dilution,

D9542, Sigma Aldrich) were diluted in the secondary antibody buffer (0.1%

Triton X-100, 2% BSA) and incubated 2 h at room temperature. The
sections were then washed three times with 1x PBS for t10 min each, and
mounted using Vectashield Mounting media (Vector Laboratories).
Mounted slices were imaged using a confocal microscope (LSM 700, Carl
Zeiss). Images were all taken at 200x magnification at one time to

maintain identical lighting intensity and color balance.
Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5.0
(GraphPad Software, USA). Comparison between two groups was made
using the unpaired Student's t-test. For multiple comparisons, data were
analyzed using two-way ANOVA followed by the post hoc Bonferroni test.
Detailed statistics for each experiment were shown in the figure legend.
Data are presented as mean * SEM. Differences with p <0.05 were

considered significant.
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Results

Prodynorphin level enhanced, and MOR expression is suppressed in

the NAc and CeA under chronic inflammatory pain condition

To confirm the contribution of the KOR system in the brain to
chronic inflammatory pain, we checked the level of prodynorphin, the
precursors that are endogenous ligands for KOR, by
immunohistochemical analysis in the whole brain. We used modified
complete Freund's adjuvant (CFA)-induced chronic inflammatory pain
model. Since structural and functional changes of the brain due to pain
chronification are known to develop 14 days after the pain induction in
rodents , we tried to extend pain behavior with a booster. First, with a
booster at 4 days after the first when the pain behavior maximizes, the
spontaneous pain behavior lasted only for 10 days (Fig. 6A). However,
with a booster at 7 days after the first when the pain behavior starts to
decline (Fig. 6A), we observed that spontaneous pain behavior
significantly increased from day 4 to day 22 (Fig. 6B; ***p < 0.0001, two-
way ANOVAs followed by Bonferroni, n=7 each group) and pain behavior
lasts longer than a booster injection on day 4 (+++p < 0.0001, two-way
ANOVAs followed by Bonferroni, n=7 each group). Also, the mice
developed mechanical allodynia in the ipsilateral paw, which lasted more
than 16 days, while a booster on day 4 lasted only for 14 days (Fig. 6C;
+++p < 0.0001, two-way ANOVAs followed by Bonferroni, n=8 each group).
Hence, we used a model with a booster injection on day 7 throughout this

study.
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Using a prodynorphin antibody, we compared prodynorphin
levels of the CFA group with the naive group (Fig. 6D; n=4 each group).
Among various brain regions, we observed a profound increase of
prodynorphin density in the contralateral NAc and CeA in the CFA group
(Figs. 6D, 6E). Conversely, density within the anterior cingulate cortex
(ACC) in the CFA group was significantly decreased compared to naive

mice (Fig. 6D).

As preclinical and human subject research have shown strong
correlations between dysfunction of KOR and MOR system under chronic
pain conditions, we then examined the expression of MOR in the NAc and
CeA via immunohistochemistry. MOR was decreased in the NAc and CeA
of the CFA group compared to the naive group (Figs. 8C-E; ***p < 0.001,
unpaired t-test, two-tailed, n=4 each group).

Systemic administration of high dose naloxone reduced

spontaneous chronic inflammatory pain behavior

Given the enhanced kappa opioid system and suppressed mu-
opioid system within the NAc and CeA, we examined whether KOR and
MOR alteration affect chronic inflammatory pain behavior by systemic
administration of naloxone (non-specific opioid antagonist, 10 mg/kg,
i.p.). With the same doses and route used in our previous study , naloxone
(10 mg/kg, i.p.) was injected 15 days from the 1st CFA injection (Fig. 7A).
We found that spontaneous pain behavior decreased with the naloxone
injection (Fig. 7C; ***p < 0.001, unpaired t-test, two-tailed, n=8 each
group) whereas mechanical allodynia was not affected (Fig. 7D; p=0.4505,
unpaired t-test, two-tailed, n=8 each group).
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Systemic administration of kappa opioid antagonist reduced

spontaneous chronic inflammatory pain

We confirmed that blockage of MOR and KOR alleviates
spontaneous chronic inflammatory pain behavior. Then we sought to
determine the involvement of the KOR system in chronic inflammatory
pain. A Kkappa-opioid antagonist, nor-BNI (10 mg/kg, i.p.), was
administrated into the CFA-treated mice (Fig. 8A). The dose used was
determined based on the results of the previous report . The systemic
injection of nor-BNI significantly decreased spontaneous in the CFA-
treated mice (Fig. 8C; ***p < 0.001, unpaired t-test, two-tailed, n=8 each
group). However, mechanical allodynia was not affected by systemic nor-

BNI (Fig. 8D, p=0.1361, unpaired t-test, two-tailed, n=8 each group).

Nor-BNI injection into the NAc and CeA relieved spontaneous
chronic inflammatory pain

To further investigate whether an action of naloxone limited to the
NAc and CeA would be sufficient to produce analgesia, naloxone was
microinjected directly into these areas. The pain behavior was measured
5 min after the naloxone administration for 30 min. Microinjection of
0.5 ul of naloxone (1 pg/pL) into the NAc (Fig. 9C; ***p < 0.001, paired t-
test, two-tailed, vehicle n=7, naloxone n=11) and CeA (Fig. 9F;
*#*p < 0.001, paired t-test, two-tailed, n =6 each group) also reduced

spontaneous pain compared to the microinjection of the vehicle.

Given the enhanced prodynorphin content within the NAc and

CeA, we tested whether blocking KOR in the NAc and CeA would be
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sufficient to reduce spontaneous chronic inflammatory pain behavior. The
nor-BNI (5 pg/0.5 pL) was microinjected into the contralateral NAc and
CeA separately. The dose used was determined based on the results of the
previous report . Microinjection of nor-BNI into NAc (Fig. 9D; ***p < 0.001,
unpaired t-test, two-tailed, vehicle n=5, nor-BNI n=7) and CeA (Fig. 9G;
**p<0.001, unpaired t-test, two-tailed, vehicle n=7, nor-BNI, n=11)

alleviated spontaneous pain compared to the vehicle group.
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Discussion

The aim of this study was to investigate non-opioid
pharmacological treatment for chronic inflammatory pain. We found that
prodynorphin expression was enhanced while MOR expression was
decreased in the NAc and CeA under chronic pain conditions. We revealed
that systemic injection of non-specific opioid receptor antagonist and
kappa receptor antagonist unexpectedly decreases only spontaneous pain
behavior but not mechanical allodynia in the chronic inflammatory pain
model. In addition, microinjection of both kappa receptor antagonist and
naloxone into NAc and CeA reduced spontaneous pain behavior. These
findings provide evidence that inhibition of KOR facilitation in the NAc
and CeA contributes to reduction of spontaneous pain behavior in chronic

pain states.

Chronic pain in humans is represented by changes in nociceptive
thresholds and ongoing pain conditions. It has been suggested that
spontaneous pain, rather than stimulus-evoked pain, maybe the more
significant clinical problem. However, measurement of spontaneous
ongoing pain in rodents is challenging. Also, it is well known that
alteration of the central nervous system in chronic pain occurs 14 days
after inflammation or surgery in mice. Hence, we made a booster injection
to observe both spontaneous pain and mechanical allodynia for a longer
period (Fig. 6B). With this model, we found that naloxone alleviates only
spontaneous pain, but not mechanical allodynia, in chronic inflammatory

conditions.

KOR is abundant in the medial pain pathway, which is associated
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with the affective component of pain. Considerable evidence suggests that
the KOR system is facilitated in spontaneous pain. For instance, PET scan
imaging in rodents showed increases in dynorphin tone in the NAc under
inflammatory pain conditions. The NAc is a brain region well known to
mediate reward-driven behaviors. Human imaging studies have
consistently shown that chronic pain undergoes a change in the NAc. The
amygdala, especially its CeA, has also emerged as a key element of the pain
matrix . These findings indicate that the KOR system in the brain areas
related to affective pain is facilitated under chronic pain conditions.
Consistent with these reports, we found that chronic pain increases

dynorphin expression in the NAc and CeA (Fig. 8A, B).

A microinjection of kappa-opioid antagonist into the CeA of
neuropathic pain model eliminated the aversiveness of ongoing pain, and
KOR agonist-mediated conditioned place aversion in chronic neuropathic
pain model. Likewise, we observed decreased spontaneous pain behavior
with systemic KOR antagonist injection as systemic naloxone injection did
(Fig. 7). Thus, our results are compatible with these previous studies and
suggest that blockage of KOR alleviates spontaneous pain behavior under

chronic pain conditions.

The prodynorphin immunoreactivities were decreased in ACC
under chronic inflammatory pain conditions in this study (Fig. 7A).
Numerous animal studies, as well as human imaging, support the role of
the ACC in the evaluation of the aversiveness of pain. There was a study
reporting increased prodynorphin mRNA and decreased KOR gene in ACC
under neuropathic pain conditions. The role of ACC can be different in
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pain aversiveness associated with inflammatory versus neuropathic pain.
Also, the discrepancies between mRNA and protein expression can be
caused by posttranscriptional regulation, as well as differences in mRNA

and protein turnover rates.

The activation of MOR represents the gold standard for pain relief.
Endogenous MOR and KOR systems can be physiologically balanced
under a normal state. However, inflammatory pain facilitates the
endogenous KOR system and downregulation of MOR function resulting
in a decrease in dopamine release in the NAc. Similarly, we confirmed
decreased MOR expression under chronic pain conditions in both NAc and

CeA (Fig. 8C, D, E). Likewise, microinjection of naloxone into these areas

reversed spontaneous pain as microinjection of kappa antagonist did (Fig.

9B, D). Our results may indicate that naloxone alleviates spontaneous
pain via suppressing facilitated KOR in NAc and CeA. Also, we assume that
blocking KOR in the NAc and CeA is more important than enhancing MOR
to suppress spontaneous pain. There could be an interrelationship
between KOR and MOR, but further studies are required to better

understand how KOR, and MOR interact under chronic pain conditions.

The possibility of the peripheral effect of KOR cannot be ruled out.
However, the analgesic effect of the peripheral KOR system is known to be
mediated through activation of KORs with agonists rather than the
antagonists. Hence the result from the present study emphasizes the
antagonistic effect of naloxone targeting the brain KOR in alleviating

spontaneous pain.
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There can be a sex difference in naloxone-induced analgesia.
There are several studies comparing the effect of kappa opioid in male
and female mice. Interestingly, a study reports that while the
prodynorphin gene in chronic pain condition is increased only in the male
group, KOR antagonist alleviates affective pain in both sex. Similarly, our
study was conducted in chronic pain model and the changes in the KOR
expression and pain behavior in the male group were consistent with this
study. However, further study is needed to confirm whether the pain

behavior is indeed similar in the female group.

Emerging experimental evidence suggests that opioid and kappa-
opioid antagonist combination provides pain relief in chronic pain
patients with opioid dependence or addiction and prevents side effects of
opioids. Our results strongly support the use of naloxone and nor-BNI as
a therapeutic adjuvant to alleviate spontaneous pain, which is the most

significant component of chronic pain.
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Figure 6.
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Figure 6. Immunohistochemical analysis for prodynorphin content
and MOR expression in the NAc and CeA in chronic inflammatory
pain model. (A) Schematic representation of CFA-induced chronic
inflammatory pain model. (B) Time course of spontaneous pain behavior
following CFA injection with a booster on day 4 and 7. (C) Time course of
mechanical allodynia following CFA injection with a booster on day 4 and
7. (D) Comparison of prodynorphin immunoreactivity between naive
group and CFA-induced chronic pain model in whole brain. The number
of prodynorphin-ir neurons (in a 500 x 500 pum area) is expressed on the
Y axis and brain area written below the graph columns on the X axis.
Abbreviations: ACC, anterior cingulate cortex; BLA, basolateral amygdala;
IC, insular cortex; LH, lateral hypothalamus; NAc, nucleus accumbens; PAG,
periaqueductal gray. (E) Representative microscopic (10 x) prodynorphin
staining samples of the naive and CFA group in the NAc and CeA. Scale bar
200 pm. Abbreviations: ACA, anterior commissure; SI, substantia
innominata; VDB, nucleus of the vertic7l limb of the diagonal band. (F)
Representative microscopic (200x) images showing MOR expression in
NAc and CeA of naive and CFA group. The number of MOR-ir neurons is
expressed on the Y axis. (G) Comparison of number of MOR positive
neurons between naive and CFA-induced chronic pain model in NAc (left)

and CeA (right). Data are presented as mean + SEM.
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Figure 7
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Figure 7. Effect of systemic naloxone administration on the pain
behaviors. (A) Schematic representation of i.p. injection of naloxone
(opioid receptor antagonist, 10 mg/kg) timelines for CFA-induced chronic
inflammatory model. Naloxone and vehicle were administered 30 min
before behavior test. (B) The effect of systemic vehicle on spontaneous
pain. (C) The effect of systemic naloxone on spontaneous pain. (D) The
effect of systemic naloxone on mechanical allodynia in chronic
inflammatory pain. The asterisk denotes significance levels in comparison
with pre-injection. Crosses denote significance levels in comparison with

a booster injection on day 4 and 7. Data are presented as mean + SEM.
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Figure 8
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Figure 8. Effect of systemic nor-BNI administration on the pain
behaviors. (A) Schematic representation of CFA-induced spontaneous
pain behavior study in naloxone injected mice. (B) Effects of systemic
vehicle on the CFA-induced spontaneous pain behavior. (C) Effects of
systemic nor-BNI (10 mg/kg) on CFA-induced spontaneous pain behavior.
(D) Effects of systemic nor-BNI and vehicle on mechanical allodynia in

chronic inflammatory pain model. Data are presented as mean + SEM.
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Figure 9
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Figure 9. The effect of microinjection of nor-BNI and naloxone into
NAc and CeA on spontaneous chronic inflammatory pain behavior. (A)
Schematic representation of CFA- induced spontaneous pain behavior
study in naloxone and nor-BNI microinjected mice. (B) Location of
microinjection site in NAc with atlas from Paxinos, George, and Keith B.].
Franklin. (C) Changes in time spent licking behavior in CFA-induced
inflammatory pain model following microinjection of nor-BNI (2.5 pg)
into the NAc. (D) Changes in time spent licking behavior in CFA-induced
inflammatory pain model following microinjection of naloxone (0.5 pg)
into the NAc. (E) Location of microinjection site in CeA with atlas from
Paxinos, George, and Keith B.]. Franklin. (F) Changes in time spent licking
behavior of CFA-induced inflammatory pain model following
microinjection of nor-BNI (2.5 pg) into the CeA (G) Changes in time spent
licking behavior of CFA-induced inflammatory pain model following
microinjection of naloxone (0.5 pg) into the CeA. Data are presented as

mean + SEM.
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Chapter 2

Anterior insular-nucleus accumbens pathway controls refeeding-

induced analgesia under chronic inflammatory pain condition
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Abstract

Feeding behaviors are closely associated with chronic pain in adult
rodents. Our recent study revealed that 2 hours of refeeding after 24
hours fasting (i.e. refeeding) attenuates pain behavior under chronic
inflammatory pain conditions. However, while brain circuits mediating
fasting-induced analgesia have been identified, the underlying
mechanism of refeeding-induced analgesia is still elusive. Herein, we
demonstrate that the neural activities in the nucleus accumbens shell
(NAcS) and anterior insular cortex (alC) were increased in a modified
complete Freund’s adjuvant (CFA)-induced chronic inflammatory pain
condition, which was reversed by refeeding. We also found that refeeding
reduced the enhanced excitability of alC-NAcSD2R projecting neurons in
this CFA model. Besides, chemogenetic inhibition of alC-NAcSD2R neural
circuit suppressed chronic pain behavior while activation of this circuit
reversed refeeding-induced analgesia. The present study suggests that
alC-NAcS neural circuit mediates refeeding-induced analgesia, thereby

serving as a potential therapeutic target to manage chronic pain.
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Introduction

Since chronic pain has emotional and cognitive features, there is a limit to
control pathological pain through pharmacological treatment. Recently,
numerous evidence reported close relation between chronic pain and
lifestyle. Lifestyle factors such as physical inactivity, sedentary behavior,
stress, poor sleep, unhealthy diet, and smoking are associated with
chronic pain. Amon them, it has become increasingly clear that feeding
behavior affects pain perception. Interestingly, it has been identified that
both fasting and food consumption after fasting (i.e. refeeding) suppress
pain behavior. A recent study reported that hunger-sensitive Agouti-
related protein (AgRP) neurons projecting to the parabrachial nucleus
(PBN) mediates fasting-induced analgesia in inflammatory pain. Despite
of accumulating evidence supporting for the relationship between fasting
and pain reduction, the underlying mechanisms of how refeeding
ameliorate pain is still elusive. Since refeeding-induced analgesia includes
a variety of factors such as calorie recovery, satiety and eating behavior,
the brain circuit mediating refeeding-induced analgesia could be different
from that of fasting-induced analgesia. Given refeeding fulfills physical
needs from hunger and provide satisfaction, the brain circuits mediating
reward and satisfaction might be implicated in the refeeding-induced

analgesia.

The nucleus accumbens (NAc) is a crucial component of the
brain reward system. Recent human and animal imaging observations
indicate that the dopaminergic system in the NAc is an important neural
substrate of feeding behavior and pain perception. Indeed, food
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consumption following 24 hours fasting elevates dopamine release
within the NAc for more than two hours but dopamine antagonists cause
serious feeding deficit. Also, systemic administration of analgesics
enhance dopamine release in the NAc and dopaminergic agonists inhibits
nociception. Moreover, several investigations with pharmacological
manipulations revealed that dopamine type 2 receptor (D2R) in the NAc

plays a critical role in the modulation of pain perception.

The insular cortex (IC) is also highly implicated in feeding behavior and
pain perception. The IC has two distinct pain networks, which are the
posterior sensory circuit and the anterior emotional network. Tracing
studies in rodents have shown that the alC has abundant connectivity
with the limbic system where is known to process affective components
of pain. The NAc, a part of the limbic system, receives glutamatergic input
from the alC . Functional neuroimaging studies in human also show a
correlated activity between the alC and NAc with noxious stimuli.
Furthermore, change in functional connectivity between the alC and NAc
has been also demonstrated along with pain chronification. Given these
observations, we hypothesized that the alC-NAc circuit may underlie

refeeding-induced analgesia in the chronic inflammatory pain condition.

In this study, we thus examined whether the alC-NAc circuit is
essential for the refeeding-induced analgesia under chronic inflammatory
pain condition by employing pharmacological and tract-specific
manipulations in a modified complete Freund’s adjuvant (CFA)-induced

chronic inflammatory pain model.
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Experimental animals and pain model

Male C57BL/6 mice and Fos-tTA-eGFP transgenic mice (Jackson
Laboratory, stock #: 018306) weighing 20-28 g were used for the
experiment. The mice were housed 4-6 per cage at a temperature-
controlled room (23 = 1 °C, 12 h/12 h light/dark cycle) and maintained
with pellet diet and tap water ad libitum except fasting periods. All
surgical and experimental procedures were reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC, SNU-191001-9-
1) at Seoul National University. The experiments were also designed and
performed in accordance with the International Association for the Study
of Pain (IASP) guidelines. All efforts were made to reduce animal suffering
and decrease the number of animals used. For 24 hr fasting, food was
removed from the cage but free access to water. For refeeding, mice were
given normal chow for 2 hours following 24 hours fasting. We used a
modified CFA-induced chronic inflammatory pain model to prolong pain
behaviors more than 20 days, as previously described. 20 pL of undiluted
CFA (Sigma-Aldrich) was injected subcutaneously into the plantar surface
of the left hind with a 0.3 mL insulin syringe. A booster injection was given
7 days after the first injection. For electrophysiological recordings, the
mice were injected with same amount of CFA into both hind paws. All
experiments were performed by researcher blinded to treatment

condition.

Pain behavior tests
The behavior tests were conducted as described previously. For

spontaneous pain measurement, mice were acclimated in cage at least for
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a week and then adapted in an acrylic observation chamber (size ranges
12x12x12 cm) before the experiment at least three times for three hours.
A mirror was located at 45° angle below the chamber to observe the paws.
Mice were video recorded using a video camera for a period of 30 min.
The time spent licking or biting was measured by an observer who was

blinded to the treatment.

To assess mechanical allodynia, 50% paw withdrawal threshold
was measured using von Frey filaments (North Coast Medical). Mice were
acclimated in cage at least for a week and then adapted in an acrylic
cylinder (6.5 cm diameter, 17 cm height) on the metal mesh floor before
the experiment at least three times. All animals left to an acrylic cylinder
on the metal mesh floor for 30 min prior to mechanical test. The 50% paw
withdrawal threshold was determined based on the up-down method

with an ascending series of von Frey filaments (0.16 g, 0.4 g, 0.6 g, 1 g, and
2g).

Administration of drugs

Sulpiride and SR 141716 were purchased from Tocris. For
systemic administration, sulpiride 100 mg/kg was diluted in 10% DMSO
(Sigma-Aldrich), and 2 pL of acetic acid glaciel (Duksan) was added, then
pH was adjusted with NaOH (pH 7.4). For direct brain infusion, sulpiride
(5 pg/ulL) was dissolved in 0.9% normal saline and unilaterally
microinjected (0.5 uL over 5min) into the contralateral NAcS. Injectors
were left in place for an additional 2 min before removal. SR 141716 (10

mg/kg) was diluted in 0.9% normal saline with 10% DMSO and 1% tween
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80.

Clozapine-N-oxide (CNO) was purchased from Tocris. For
systemic injection, CNO 10 mg/kg was dissolved in 0.9% normal saline
and intraperitoneally injected 30 min prior to pain behavior test. For
microinjection, CNO (3 pM) was dissolved in the 0.9% saline and
administrated into the NAcS 5 min prior to the pain behavior test. For

electrophysiology, CNO (3 uM) was dissolved in the bath solution.
Stereotaxic surgeries

C57BL/6 mice were anesthetized with pentobarbital (50 mg/kg,
i.p.) and implanted with guide cannula (26-gauge, 4.6 mm of length,
Plastics One) aimed at the NAcS (coordinates: anteroposterior (AP) 1.4
from bregma, mediolateral (ML) 0.5 from midline, dorsoventral (DV) -4.6
from skull surface). When inserted, microinjector tips extended 0.5 mm
beyond the guide.

The following vectors were used for single-site Designer
receptors exclusively activated by designer drugs (DREADD) and cre-
EGFP expression: pAAV-hSyn-DIO-hM4D(Gi)-mCherry, pAAV-CaMKIla-
hM3D(Gq)-mCherry, pENN-AAV-CaMKIla-HI.GFP-Cre-WPRE-SV40
(Addgene). Viral vectors were injected at the rate of 0.2 uL/min, with a
10-min diffusion time. The injection volume for the single-site injections
was 0.5 pL. Misplaced cannula or virus injection were excluded from
analysis. DREADD expression was allowed to accumulate for 2 weeks

before systemic/local vehicle and CNO injections.

Immunohistochemistry
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Following administration of pentobarbital (50 mg/kg), the
animals were transcardially perfused, first with PBS and then with a 4%
paraformaldehyde solution. Brains were post fixed at 4°C in
paraformaldehyde for 1 d following the extraction and cryoprotected in
30% sucrose for 3 days. The brains were then sectioned into 40 um slices
and preserved in PBS. For the DAB staining, free-floating sections were
rinsed in PBS, incubated for 30 min in 0.3% hydrogen peroxide PBS
solution to quench endogenous peroxidase activity, rinsed several times
in PBS, and incubated in a blocking solution that contained 5% normal
goat serum diluted in 0.3% Triton X-100 in PBS for 60 min. The sections
were incubated in rabbit anti-c-Fos polyclonal antibody (1:1000 dilution,
ab11137 Abcam) diluted in blocking serum for 48 hr at 4°C. After
incubation in the primary antibody, the sections were rinsed three times
for 10 min in PBS and incubated for 2 hr in biotinylated secondary
antiserum made from goat anti-rabbit antibody (1:200 dilution; Vector
laboratories) in PBS. Then the sections were processed with ABC kit (PK-
6100, Vectastain ABC kit, Vector laboratories) for an hour and visualized
with DAB kit (DAB substrate kit for peroxidase, Vector laboratories). After
several rinses in PBS, the sections were mounted on coated glass slides,
air dried, dehydrated through a series of graded ethanols, and clearing
agents, then permounted (Sigma-Aldrich).

To detect D1R, D2R and CaMKII expression, sections were
incubated overnight in blocking buffer (0.3% Triton X-100, 2% bovine
serum in PBS) at room temperature. The primary antibodies rabbit anti-

D1R (1:200 dilution, nb100-1618, Novus biologicals), mouse anti-D2R
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(1:50 dilution, b-10, Santa Cruz) and mouse anti-CaMKII (1:100 dilution,
sc-5306, Santa Cruz) were diluted in the blocking solution, and the
sections were incubated for 48 hr at 4°C. The slices were washed three
times for 10 min each in 0.1 M PBS. To visualize D2R expression, sections
were incubated for 2 hr in biotinylated anti-mouse IgG (Vector, PB-9200).
Then washed with 0.1 M PBS three times for 10 min each. The secondary
antibody, FITC donkey anti-guinea pig (1:200 dilution, 706-095-148,
Jackson ImmunoResearch Laboratories), Alexa 488 donkey anti-mouse
(1:200 dilution, 715-545-150 Jackson ImmunoResearch Laboratories),
Streptavidin (1:200 dilution, s11223, Invitrogen) and DAPI (1:5000
dilution, D9542, Sigma Aldrich) were diluted in the secondary antibody
buffer (0.1% Triton X-100, 2% BSA) and incubated 2 hr at room
temperature. The sections were then washed three times with 1xPBS for
10 min each and mounted using Vectashield Mounting media (Vector

Laboratories).
Image analysis

Quantification of c-Fos was performed on slices from bregma +2
to +1.6 mm (4-6 sections per mouse, n=3 each group) for alC and bregma
+1.4 to +1.0 mm (4-6 sections per mouse, n=3 each group) for NAc.
Mounted slices were examined under the bright-field microscope
(DM5000B, Leica) and images were all taken at 10X magnification at one
time to maintain identical lighting intensity and color balance. Averaged
number of c-Fos positive neurons was determined using inverted color

images in Image] software (National Institutes of Health).
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All immunofluorescent-stained sections were imaged on a
confocal microscope (LSM 700, Carl Zeiss). We collected 4 sections per
mouse (n=3 mice each group) and images were all taken at 200X
magnification. Image analysis was performed manually by identifying and

counting D1R+, D2R+, CaMKII+ in same area.
Electrophysiology

Mice were sacrificed by cervical dislocation and decapitated. The
brain was immediately transferred to ice-cold sucrose cutting solution
(189 mM sucrose, 10 mM D-glucose, 26 mM NaHCOs, 3 mM KCI, 10 mM
MgS04.7H20, 1.25 mM NaH2P04, and 0.1 mM CaClz), which was bubbled
continuously with 95% 0z and 5% CO2. The brain was sagittal dissected
in a Petri dish containing an ice-cold cutting solution, the brain was glued
onto a brain holder which was placed in a buffer tray containing ice-cold
cutting solution. Subsequently, 250-um sagittal sections were obtained
using a vibrating microtome (Leica, VT-1200). The sections (slices
containing anterior commissure) were then transferred to a chamber on
a nylon mesh containing external solution (in mM: 124 NaCl, 3 KCI, 1
MgS04.7H20, 1.25 NaH2POs4, 10 D-glucose, 24 NaHCOs, , and 2 CaClz, pH
7.4, osmolality 320-330 mOsm/kg H20) bubbled with 95% 02 and 5%
COz at 33°C. It was incubated for 1 hr. The slices could be maintained in a
healthy state for up to 8 h and were transferred to the recording chamber
as required.

The slices were continuously perfused with external solution (the
same as above) at a rate of 1.0-2.0 ml/min. The recordings were made at

room temperature. The neurons were visualized using infra-red
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differential interference contrast (IR-DIC) microscopy with a 40x water
immersion objective and video imaging camera (BX51WI, Olympus).
Electrophysiological recordings were obtained with a Multiclamp 700B
amplifier, Digidata 1330A converter and pClamp 10.3 software
(Molecular Devices), sampled at 20 kHz, and filtered at 2 kHz.

Patch pipettes were pulled from borosilicate glass capillaries (OD
1.5 mm, .D. 0.86 mm; Harvard Apparatus, Edenbridge, United Kingdom)
on a horizontal puller (P-97, Sutter Instruments). The pipette tip
resistance was 6-8 M(Q). The pipette offset potential was adjusted with the
amplifier. The pipettes were filled with an internal solution containing the
following components: 105 mM potassium gluconate, 20 mM KCl, 10 mM
HEPES-Na*, and 0.1 mM EGTA (pH 7.25 adjusted with KOH, osmolality
280 mOsm/kg H20). Recordings usually began >5 min after obtaining
access to the cell. Only one neuron in each slice was exposed to a tested
compound a single time, and the slice was replaced after one test on a
single cell was performed. The recordings were analyzed with Clampfit

10.7 (Molecular Devices).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version
5.0 (GraphPad Software, USA). Comparison between two groups was
made using the unpaired Student's t-test. For multiple comparisons, data
were analyzed using two-way ANOVA followed by the post hoc Bonferroni
test. Detailed statistics for each experiment were shown in the figure
legend. Data are presented as mean + SEM. Differences with p < 0.05 were

considered significant.
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Results

Systemic D2R antagonist administration reverses refeeding-induced

analgesia in chronic inflammatory pain model

Brain dopamine, endocannabinoid and opioid signaling systems
play key roles in pain and feeding behavior. We first examined
involvement of these neurotransmitters in refeeding-induced analgesia
under chronic inflammatory pain condition via pharmacological
approach with sulpiride (D2R antagonist, 100 mg/kg) and SR 141716
(cannabinoid receptor antagonist 10 mg/kg). The doses were determined
based on the previous studies and drugs were intraperitoneally injected
after 2 hours of refeeding. The chronic inflammatory pain was induced by
injecting CFA twice (DO initial injection and D7 booster injection) into the
hind paw and behavior tests were conducted at 16 days after the first
injection (Fig. 10A). The von Frey test and spontaneous pain behavior
were measured 30 min after drug injection. Result showed that sulpiride
reversed refeeding-induced analgesia in both von Frey test and
spontaneous pain behavior test (Figs. 10B, 10C). By contrast, SR141716
did not reverse refeeding-induced analgesia (Fig. 10D). We did not
examine involvement of opioid system in this work, because we
previously observed that naloxone, non-specific opioid antagonist,
induced paradoxical analgesic effect in the free-fed group in chronic
inflammatory pain condition. Taken together, our result demonstrated
that dopamine signaling is involved in the refeeding-induced analgesia

under chronic inflammatory pain condition.
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To determine the sex difference, we repeated behavior tests in the
female mice. Similar to the male group, refeeding-induced analgesia was
reversed by sulpiride in both von Frey test (Fig. 10E) and spontaneous
pain behavior test (Fig. 10F).

Refeeding reverses D2R upregulation of the NAcS neurons under

chronic inflammatory pain condition

Based on the involvement of dopamine system in refeeding-
induced analgesia (Fig. 10), we next examined brain area involved in the
refeeding-induced analgesia. Since the dopamine release in the NAcis
essential for pain and feeding behavior, we monitored immunoreactivity
(IR) of c-Fos, a marker for neuronal activation, in the two subregions of
the NAc, which are core (NAcC) and shell (NAcS) (Fig. 11A). Interestingly,
the level of c-Fos-IR positive neurons was increased in the NAcS under
CFA-induced free fed group compared to the naive group, which was
significantly decreased by 2 hours of refeeding (Fig. 11B). The level of c-
Fos expression returned to the similar level of the CFA-induced free fed
group at 24 hours after refeeding (Fig. 11B). In contrast, there was no
difference in the level of c-Fos expression within the NAcC between naive
and CFA groups. Also, feeding status did not affect the level of c-Fos
expression in the NAcC of CFA group (Fig. 11B). Taken together, these
results demonstrated the involvement of the NAcS in chronic

inflammatory pain behavior.

Given that the NAcS contains dopamine receptor type 1 (D1R) and

dopamine receptor type 2 (D2R) expressing neurons, we next determined
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c-Fos expressing neurons in the NAcS using Fos-tTA-eGFP transgenic mice.
As shown in Figure 11C, we found that the D2R-expressing neurons are
highly co-labeled with c-Fos rather than D1R-expressing neurons. Also,
when we compared the number of D2R IR neurons in the CFA-induced
free fed and refed group, D2R IR was significantly decreased in the CFA-
induced refed group compared to CFA-induced free fed group (Figs. 11D,
11E). Together, our results indicate that chronic inflammatory pain led to

activation of the NAcSP2R neurons which was reversed by 2 hr refeeding.

Sulpiride microinjection into the NAcS reverses refeeding-induced

analgesia in chronic inflammatory pain model

To verify involvement of NAcSP2R in refeeding-induced analgesia,
D2R antagonist (sulpiride, 5 pg/ul) was locally infused into the NAcS
after 2 hr refeeding (Figs. 12A, 12B). The dose was determined based on
a previous study . Sulpiride infusion reversed refeeding-induced analgesia
in both von Frey test (Fig. 12C) and spontaneous pain behavior test (Fig.
12D). Taken together, these results imply a critical role of NAcSP2R in

refeeding-induced analgesia.

The alCCaMKII peurons projecting to NAcSP2R neurons are activated

with chronic inflammatory pain

The NACcS receives projection from the anterior insular cortex (alC)
which also mediates pain perception and feeding behavior. We hence
determined whether the alC is involved in refeeding-induced analgesia.
We repeated c-Fos analysis in the alC (Fig. 13A) and found that changes

in c-Fos expression in the alC is comparable to that of NAcS. Similarly, the
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level of c-Fos expression within the alC, was enhanced in the CFA group
compared to the naive group, which was decreased by 2 hr refeeding (Figs.
13A, 13B). The level of c-Fos expression returned to the similar level of
the CFA-induced free fed group at 24 hr after refeeding. Overall, these

results suggest that the alC also contribute to refeeding-induced analgesia.

It has been shown that the NAcS receives glutamatergic input from
the alC. Thus, we confirmed expression of CaMKII, a marker for
excitatory glutamatergic neurons, in the c-Fos positive neurons within
the alC. As shown in the Figure 13C, c-Fos positive neurons were co-
labeled with CaMKII. Next, we identified target neurons of the alCCaMKIl
projection within the NAcS by examining D1R and D2R expression.
Results showed that D2R expressing neurons were co-labeled with
mCherry-positive terminals fiber rather than D1R expressing neurons
(Figs. 13E-G). These results demonstrate a monosynaptic projection

from alCCaMKIl neyrons to NAcSP2R neurons.

Refeeding suppresses excitability of alCt@MKll-jnnervating NAcSP2ZR

neurons under chronic inflammatory pain condition

Next, we confirmed the effect of refeeding on the functional
activity of alCCaMKI-NAcSP2R circuit under chronic pain condition by
whole-cell recordings in the brain slice. As shown in the Figures 14A and
14B, we injected pAAV-CaMKIla-hM3D(Gq)-mCherry into the alC and
recorded neural spikes in the mCherry expressing NAcSP2R neurons. In
consistent with previous study, spike numbers were increased in the CFA-

free fed group (Figs. 14C, 14D). However, spike numbers significantly
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decreased in the CFA-induced refed group compared to the CFA-induced
free fed group (Figs. 14C, 14D). Also, application of CNO (3 uM) into the
bath solution significantly enhanced firings (Figs. 14C, 14D). At the end
of each recording, sulpiride (5 pM) was applied to confirm that the
neurons recorded express D2R. In consistent with previous study,
sulpiride application increased excitability of D2R expressing neurons in

the CFA group (Figs. 14C, 14D).

Inhibition of alCCaMKIl terminals in NAcS decreases chronic

inflammatory pain behavior

Next, we sought to understand the role of alC¢aMKI-NACcS circuit in
chronic inflammatory pain behavior. To answer this question, we
chemogenetically inhibited alC¢@MKI-NACcS circuit in the CFA group. The
alC was transduced with pENN-AAV-CaMKIla-HI.GFP-Cre-WPRE-SV40
and retrograde pAAV-hSyn-DIO-hM4D(Gi)-mCherry was injected into the
NAcS (Figs. 15A, 15B). Expression of GFP and mCherry were confirmed
in the alC via fluorescent imaging (Figs. 15C, 15D) and chemogenetic
inactivation by CNO was confirmed by level of c-Fos expression after
systemic CNO injection (Fig. 15E). CNO injection alleviated both
mechanical allodynia and spontaneous pain behavior (Figs. 15F, 15G).
Together, these results imply that activation of alCcaMKI-NAcSP2R circuit is

necessary for chronic inflammatory pain behavior.

Activation of alCCaMKIl terminals in NAcS reverses refeeding-induced

analgesia in chronic inflammatory pain model

Lastly, we examined whether alCt@MKI-NAcS circuit mediates
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refeeding-induced analgesia. In this time, we chemogenetically activated
alCCaMKI-NACS circuit following 2 hr refeeding in the CFA group. Mice were
transduced with the hM3Dq receptor via injection of pAAV-CaMKIla-
hM3D(Gq)-mCherry and cannula was placed in the NAcS so that CNO
could be directly administered to alC terminals (Figs. 16A, 16B). Virus
expression was confirmed via fluorescent imaging in the alC (Fig. 16C)
and chemogenetic activation by CNO was confirmed by level of c-Fos
expression after CNO microinjection (Fig. 16D). CNO infusion reversed
refeeding-induced analgesia in both von Frey test (Fig. 16E) and
spontaneous pain behavior test (Fig. 16F). These results indicate that
activation of alCCaMKIL. NAcSDP2R circuit reverses refeeding-induced

analgesia.
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Figure 10. The effect of D2R antagonist on refeeding-induced

analgesia in chronic inflammatory pain model

(A) Experimental design and schedule. (B) Effect of D2ZR antagonist
(sulpiride, 100 mg/kg) on mechanical allodynia after 2 hr refeeding in the
CFA-induced male group. (C) Effect of D2R antagonist (sulpiride, 100
mg/kg, i.p.) on spontaneous pain behavior after 2 hr refeeding in the CFA-
induced male group (n=9 and 7 for sulpiride and vehicle, respectively). (D)
Effect of D2R antagonist (sulpiride 100 mg/kg) on mechanical allodynia
after 2 hr refeeding in the CFA-induced female group (n=9 and 7 for
sulpiride and vehicle, respectively). (E) Effect of D2R antagonist (sulpiride,
100 mg/kg, i.p.) on spontaneous pain behavior after 2 hr refeeding in the
CFA-induced female group. **p <0.01, ***p<0.001 (two-way ANOVA

followed by Bonferroni’s post hoc test)
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Figure 11
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Figure 11. Involvement of NAcS in refeeding-induced analgesia

under chronic inflammatory pain

(A) Regions of interest in coronal sections based on the mouse brain atlas
by Paxinos, George, and Keith B.J. Franklin. Representative c-Fos
photomicrographs observed in the NAcC and NAcS. Scale bar represents
100 pm; magnification 10X. (B) Bar graphs show mean c-Fos positive cell
numbers. Data are presented as mean SEM. ***p < 0.0001 (C)
Representative images showing c-Fos (green) neurons co-labeled with
D1R (left, red) or D2R (right red) and DAPI (blue) in the NAcS. Scale bar
represents 20 um; magnification 200X (1.5). (D) Representative images
showing expression of D2R (red) in free fed (left) and refed (right) chronic
inflammatory pain group. Scale bar represents 50 um; magnification

100X. Normalized density of D2R in the NAcS.
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Figure 12
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Figure 12. Effect of sulpiride microinjection into the NAcS on

refeeding-induced analgesia

A) Sagittal view of cannula implantation above the NAcS. (B) Schematic
diagram of experiment schedule. (C) Mechanical threshold after sulpiride
or vehicle infusion in the CFA-induced refed group (n=8 and 6 for
sulpiride and vehicle, respectively). (D) Time of licking and flinching after
sulpiride or vehicle infusion in the CFA-induced refed group (n=8 and 7
for sulpiride and vehicle, respectively). Two-way ANOVA followed by
Bonferroni’s post hoc test. Data are represented as mean + SEM, **p < 0.01,

*xkp < 0.0001.
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Figure 13
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Figure 13. Involvement of alC in refeeding-induced analgesia under

chronic inflammatory pain

(A) Regions of interest in coronal sections based on the mouse brain atlas
by Paxinos, George, and Keith B.J. Franklin. Representative c-Fos
photomicrographs observed in the alC. Scale bar represents 100 pm;
magnification 10X. (B) Bar graphs show mean c-Fos positive cell numbers.
(C) Representative images showing c-Fos (green) neurons co-labeled with
CaMKII (red) in the alC. Scale bar represents 20 pm; magnification 200X
(1.5). (D) Sagittal view of virus injection into the alC. (E) Representative
images showing hM3D (red) neurons co-labeled with D1R (green) in the
NACS. (F) Representative images showing hM3D (red) neurons co-labeled
with D2R (green) in the NAcS. Scale bar represents 20 um; magnification
100X (1.5). (G) Normalized D1R or DZR expressing neurons co-labeled
with CaMKII. Unpaired t-test. Data are present as mean SEM. **p<0.001,
**P < 0.0001.
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Figure 14
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Figure 14. Effect of refeeding on the excitability of D2R-expressing

neurons in the NAcS in inflammatory chronic pain

(A) Sagittal view of virus injection into alC and whole-cell patch recording
in NAcS. (B) Fluorescent (left) and infrared (right) image of patch-clamp
recording from hM3Dq neuron. Yellow circle indicates recorded neuron.
Scale bar represents 10 um; magnification 40X. (C) Example of current-
clamp recording using 150-pA current step in chronic pain model. (D)
Mean number of spikes evoked by current steps (from 0 to +250 pA in 25
pA increments) (n=8 and 7 for free fed and refed, respectively). Two-way
ANOVA followed by Bonferroni’s post hoc test. Data are represented as
mean * SEM, **p < 0.001, ***p < 0.0001.
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Figure 15
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Figure 15. Effect of inhibition of alC¢aMKII.NAcS circuit on chronic

inflammatory pain behavior

(A) Schematic diagram of experiment schedule. (B) Sagittal view of virus
injection into the alC and the NAcS. (C) Representative fluorescence image
illustrating expression of hM4Di in the NAcS. Scale bar represents 500 um,
20 pm in the box; maginification 100X tiled scan and 400X. (D)
Representative fluorescence image illustrating expression of hM4Dj, Cre,
and DAPI in the alC. Scale bar represents 50 um. (E) Representative
images of c-Fos (grey), Cre (green) and hM3Di (red) expression in the alC
that were administered vehicle or CNO. Scale bar represents 10 um;
magnification 200X (1.5) (F) Change in mechanical threshold in the CFA
group after vehicle or CNO injection (n=9 and 7 for CNO and vehicle,
respectively). (G) Change in licking and flinching behavior of CFA group
after vehicle or CNO injection (n=8 and 7 for sulpiride and vehicle,
respectively). Two-way ANOVA followed by Bonferroni’s post hoc test.
Data are represented as mean + SEM, **p <0.01, ****p < 0.0001.
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Figure 16
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Figure 16. Effect of chemogenetic activation of alCCaMKII-NAcS circuit

on refeeding- induced analgesia

(A) Schematic diagram of experiment schedule. (B) Sagittal view of virus
injection into the alC and cannula implantation above NAcS. (C)
Representative fluorescence image illustrating expression of hM3Dq at
the injection site. Scale bar represents 500 um. (D) Representative images
of c-Fos (grey) and hM3Dq (red) expression in the NAcS that were
administered vehicle or CNO. Scale bar represents 20 um; magnification
200X (1.5). (E) Change in mechanical threshold with CNO or vehicle
infusion in the CFA group (n=9 and 6 for sulpiride and vehicle,
respectively). (F) Change in time of licking and flinching with CNO or
vehicle infusion in chronic inflammatory pain group (n=10 and 6 for
sulpiride and vehicle, respectively). Two-way ANOVA followed by
Bonferroni. Data are represented as mean+SEM, **p<0.01,

*rkxp < 0.0001.
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Figure 17. Schematic summary showing that activity of alCtaMKIl.

NACS circuit plays a key role in refeeding-induced analgesia
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Discussion

We demonstrate in this study that glutamatergic neurons in the
alC projecting to the NAcSP2R mediate refeeding-induced analgesia. Our
results indicate that refeeding produces analgesic effect by suppressing
neuronal activities of alCcaMKI_NAcSDP2R circuit which are enhanced under
chronic pain condition. Our work thus delineates important neural circuit

responsible for refeeding-induced analgesia.

Chronic pain entails structural and functional changes in the
mesolimbic system including the NAc. In the previous study, inhibition of
the NAcS with lidocaine ameliorated chronic pain behavior but not acute
pain behavior. By contrast, inhibition of the NAcC exacerbated acute pain
behavior and optogenetic activation of the NAcC ameliorated chronic pain
behavior. These suggest that activation of the NAcS mediates pain
perception under chronic pain condition while activation of the NAcC
alleviates pain in both acute and chronic pain condition. In line with these
findings, we showed activated NAcS with pain chronification which was
suppressed by refeeding. These implicate that the NAcS is involved in the
refeeding-induced analgesia, rather than the NAcC. In the present study,
the NAcS was activated under chronic pain condition and suppressed by
2 hr refeeding, but the NAcC was not affected by refeeding (Fig 2). These
results suggest that function of the NAcS in regard with pain behavior may

alter with pain chronification and may restored by refeeding.

Dopamine release and the level of c-Fos expression increases

within the NAcC in response to reward stimuli such as addictive drug
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administration or refeeding. However, reward responsiveness is reduced
in chronic pain condition. Dopamine release induced by sucrose solution
intake or morphine as a reward is suppressed and dopamine signaling is
reduced in the NAcC under chronic pain condition. Similarly, we found
that refeeding, a reward stimulus, did not increase the level of c-Fos
expression within the NAcC under chronic pain condition (Fig. 3B)
whereas c-Fos expression increased in response to refeeding in the naive
group (Fig. S2). These findings indicate deficits in reward-related function
of the NAcC under chronic pain condition which may result from
hypodopaminergic state. However, dopamine concentration in the NAcC
needs to be measured in the CFA-induced free fed and refed group to
confirm dysfunction of the NAcC in chronic inflammatory pain. Together,
we assume that the reward effect from refeeding may not be involved in

the refeeding-induced analgesia.

D1R and D2R expressing neurons in the NAcS play apposite roles
in modulating behavior. Some evidences indicate that D1R is important
for reward learning while D2R elicits behavioral aversion. Pain states have
been associated with D2R in both preclinical animal models and human
imaging studies. A previous study reported that contribution of D2R to
anti-hyperalgesic was greater than that of D1R in the chronic pain. In
other study, chronic pain only elevated D2R protein level, but not D1R
protein level. Moreover, a previous study suggest that intrinsic excitability
of the GABAergic NAcSP2R whose activity suppresses by dopamine
binding was substantially elevated in chronic neuropathic pain model due

to lack of dopamine. Similarly, we showed elevated D2R expression in
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chronic pain condition (Figs. 2D, 2E) and enhanced excitability of D2R
expressing neurons within the NAcS (Fig. 5D). These findings suggest that
the activation of D2R expressing neurons within the NAcS may mediate
pain behavior in the chronic inflammatory pain and refeeding may induce
analgesia by decreasing its activity. However, further study is needed to

clarify the circuits downstream of the NAcS.

Plastic changes such as long-term potentiation (LTP) and long-
term depression (LTD) in the brain synapses have been observed in
chronic pain. The brain interprets sensory inputs to affective responses
or pain perception and enhances, amplifies, or exaggerates such sensory
experience. Previous studies showed plasticity changes in the ACC and IC
in chronic pain conditions via enhanced NMDA receptors (NMDAR) and
AMPA receptors (AMPAR). By contrast, within the NAcSPZR
AMPAR/NMDAR ratio was decreased with prolonged decay time which
indicates an increase in the GIuN2B subunit of NMDAR. Interestingly,
infralimbic-evoked NAcSP2R synapse strength was weakened, whereas
hippocampus-evoked NAcSPZR synapse strength was increased without
change in decay time in chronic pain. The present study showed increased
activity of alCCaMKI_NAcD2R jn chronic pain. Hence, I assume that synapse
strength is increased, similar to the hippocampus-NAcSP2R. However,
further study is needed to confirm synaptic changes in the alCCtaMKIL

NAcP2Rin free-fed and refed chronic pain group.

Although anatomical connectivity between the alC and NAcS has
been reported, the functional connectivity of alCCaMKI-NAcSD2R js yet to be

identified. Consistent with this study, we confirmed glutamatergic
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projection from the alC to the NAcSP2R neurons (Figs. 4E, 4F) and further
revealed functional connectivity through slice patch clamp recordings.
pAAV-CaMKIla-hM3D(Gq)-mCherry was injected into the alC to record
neural spikes in the mCherry expressing NAcSP2R neurons. The excitability
of the NAcSP2R neurons receiving alCtaMKIl projection was increased under
chronic pain condition, but suppressed by refeeding (Figs. 5C, 5D).
Moreover, we confirmed role of alCCaMKI-NAcSD2R circuit in chronic
inflammatory pain with chemogenetics. Inhibition of alCCaMKI-NAcSDZR
circuit alleviated chronic inflammatory pain behavior (Figs. 6F, 6G) while
activation reversed refeeding-induced analgesia (Figs. 7E, 7F). These
results imply that activation of alCaMKI-NAcSDP2R circuit may mediate
chronic pain behavior. Unlike our results, a previous human fMRI study
reported that the functional connectivity of the alC-NAc is decreased in
chronic pain. This discrepancy might be due to either differences in

subregions of the NAc or differences in the types of pain.

Both chronic pain and feeding behavior involves complex brain
circuits that include sensory, reward and homeostasis. In this study, we
focused on the alC and NAcS which are known to associate with pain and
feeding behavior. However, we do not exclude the possibility that other
brain regions may also be participated in the refeeding-induced analgesia,
as numerous brain regions interact to process pain and feeding behavior.
Indeed, the whole brain c-Fos analysis show possible involvement of other
brain regions such as basolateral amygdala, medial prefrontal cortex,
lateral parabrachial nucleus and ventromedial hypothalamus (submitted).

Future study of different brain regions will further help us to understand
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cellular mechanism and brain circuits for refeeding-induced analgesia.

Refeeding engages multiple features including eating behavior,
calorie recovery and stomach expansion. It is well elucidated that
mastication influences on the dopamine release at the pre-synapse in the
striatum and glucose sensing neurons are located in the reward system
in the brain. Moreover, the satiety signal that derives from
gastric distention and intestinal nutrients that travels to the GLP-1
producing neurons in the NTS which directly activates the dopaminergic
pathways of the mesolimbic system. These findings support our
hypothesis that dopamine system may play an important role in the
refeeding-induced analgesia. However, refeeding also engages multiple
factors including systemic hormonal and immune system changes.
Imaging studies in human report that gut hormones such as ghrelin and
CCK affect activation of the alC and NAcS to regulate appetite. Also, it is
known that short-term fasting depletes naive B cells by promoting
apoptosis, and the number of naive B cells are restored by refeeding . Thus,
it is highly likely that both endocrine and immune system are involved in

in the refeeding-induced analgesia.

From this study, we demonstrate for the first-time functional
significance of alC-NAcS circuit in the modulation of pain behavior.
Importantly, this study suggests modification of feeding behavior can
restore altered brain function and induce analgesic effect in chronic
inflammatory pain condition even without medical treatment. Through
verifying a mechanistic understanding for the suppression of chronic

inflammatory pain behavior by feeding behavior, our work provides novel
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therapeutic targets for the development of chronic pain management.
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General discussion

Every day, more than 128 people in the United States die from misuse and
addiction of opioids including prescription pain relievers, heroin, and
synthetic opioids such as fentanyl. Recently, to confront opioid crisis,
research on pain has been increased. These areas included understanding
unique properties of acute and chronic pain and mechanism of the pain
chronification. Also, identifying new, potent non-opioid analgesics and
other pain-treatment strategies and biomarkers of pain has become
emerging trends in neuroscience field. Similarly, [ attempted to explore
effective alternative treatments for chronic pain to reduced use of opioid

to prevent opioid crisis in this thesis.

As escaping from aversive state is considered to be a reward, pain
relief can be considered as a reward. Similarly, refeeding after fasting is a
reward, because fasting is an aversive state that we want to avoid. Hence,
my initial hypothesis was that the reward system may involve in the
refeeding-induced analgesia. However, the results showed that the
refeeding induces analgesia via suppressing facilitated NAcS in chronic
pain conditions which is completely different from my hypothesis. The
involvement of the NAc in pain chronification has been studied, but the
functions of subregions in pain perception have not yet been well
elucidated. This study provides evidence that the activation of the NAcS
may aggravates pain perception, however further study is needed to

confirm.

Naloxone, a non-specific opioid antagonist,is a medicine that
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reverses effects of opioid overdose. Interestingly, | demonstrated
paradoxical analgesic effect of naloxone in chronic pain condition via
suppressing facilitated kappa opioid system. I hypothesized that
prodynorphin (kappa opioid receptor ligand) is increased in the brain
areas related to affective pain behavior in chronic inflammatory pain
conditions. Indeed, the results showed that the density of prodynorphin
and c-Fos expression (submitted) were increased in the NAc and CeA. By
contrast, density of prodynorphin was suppressed and the level of c-Fos
expression was enhanced in the anterior cingulate cortex (ACC) in chronic
inflammatory pain conditions. Interestingly, recent studies have shown
that the location of KOR is important in behavioral effects. For example,
kappa stimulation in the rostral part of the nucleus accumbens shell
(NAcS) enhances reward behavior, whereas kappa stimulation of the
caudal part induces aversive behavior. Similar to the ACC, lack of KOR and
elevated c-Fos level in basolateral amygdala (BLA) is associated with
negative effect such as stress and anxiolytic behavior. These results
suggest that both facilitation and suppression of kappa opioid system may
mediate pain behavior depend on the neuroanatomical location. Thus, I
assume that suppression of kappa opioid system in the ACC may mediate
affective pain behavior. However, further studies are needed to confirm

whether this hypothesis is correct.

The current thesis aimed to reveal pharmacological and non-
pharmacological treatments for chronic inflammatory pain to minimize

the use of opioids. It is hoped that the results of the current thesis will
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lead to a deeper understanding of chronic pain, ultimately contributing to

better treatment of chronic pain.
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