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Abstract
Feeding behaviors are closely associated with chronic pain in adult rodents. Our recent study revealed
that 2 hr refeeding after 24hr 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 (aIC) 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 aICCamKII–
NAcSD2R projecting neurons in this CFA model. Besides, chemogenetic inhibition of aICCamKII–NAcSD2R

neural circuit suppressed chronic pain behavior while activation of this circuit reversed refeeding-induced
analgesia. Thus, the present study suggests that aICCamKII – NacSD2R neural circuit mediates refeeding-
induced analgesia, thereby serving as a potential therapeutic target to manage chronic pain.

Introduction
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
[1–5]. 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 [6]. We also
showed that fasting-induced analgesia is mediated by opioid and endocannabinoid systems [1]. 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 [1], the brain
circuit mediating refeeding-induced analgesia could be different from that of fasting-induced analgesia.
Given that refeeding fulfills physical needs from hunger and provides 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 [7]. 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 [8–11]. Indeed, food consumption following 24 hr
fasting elevates dopamine release within the NAc for more than two hours [8, 12], but dopamine
antagonists cause serious feeding deficit [13]. Also, systemic administration of analgesics enhances
dopamine release in the NAc [14] and dopaminergic agonists inhibits nociception [15]. 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 [16, 17].

The anterior insular cortex (aIC) is also highly implicated in feeding behavior and pain perception [18–20],
and tracing studies in rodents have shown that the NAc receives glutamatergic input from the aIC [21].
Functional neuroimaging studies in human also show a correlated activity between the aIC and NAc with
noxious stimuli [22]. Furthermore, change in functional connectivity between the aIC and NAc has been
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also demonstrated along with pain chronification [23]. Given these observations, we hypothesized that
the aIC-NAc circuit may underlie refeeding-induced analgesia in the chronic inflammatory pain condition.

In this study, we thus examined whether the aIC-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.

Materials And Methods
Experimental animals and pain model 

Both male and female C57BL/6 mice and male 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 in a
temperature-controlled room (23 ± 1 ℃, 12 h/12 h light/dark cycle) and maintained with pellet diet and
tap water ad libitum except for 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 hr following 24 hr
fasting. We used a modified CFA-induced chronic inflammatory pain model to prolong pain behaviors for
more than 20 days, as previously described [24]. 20 μL 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
the same amount of CFA into both hind paws. All experiments were performed by a researcher blinded to
treatment condition.

Pain behavior tests

The behavior tests were conducted as described previously [1, 24]. For spontaneous pain measurement,
mice were acclimated in the cage at least for a week and then adapted in an acrylic observation chamber
(size ranges 12×12×12 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 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 the 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 were left to an acrylic cylinder on the metal mesh floor for 30 min prior to the
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 2 g). 



Page 4/25

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 μL of acetic acid glacial (Duksan) was added, then pH
was adjusted with NaOH (pH 7.4). For direct brain infusion, sulpiride (5 μg/μL) was dissolved in 0.9%
normal saline and unilaterally microinjected (0.5 μL over 5 min) 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 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 the pain behavior test. For
microinjection, CNO (3 μM) was dissolved in the 0.9% saline and administrated into the NAcS 5 min prior
to the pain behavior test. For electrophysiology, CNO (3 μM) was dissolved in the bath solution.

Stereotaxic surgeries

C57BL/6 mice were anesthetized with pentobarbital (50 mg/kg, i.p.) and implanted with a 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 the midline, dorsoventral (DV) −4.6 from skull surface). When
inserted, microinjector tips extended 0.5 mm beyond the guide. The aIC (coordinates: anteroposterior (AP)
1.8 from bregma, mediolateral (ML) 2.5 from the midline, dorsoventral (DV) −3.5 from skull surface) was
injected with virus. 

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, retrograde pAAV-CaMKIIa-
hM3D(Gq)-mCherry, pENN-AAV-CaMKIIa-HI.GFP-Cre-WPRE-SV40 (Addgene). Viral vectors were injected at
the rate of 0.2 μL/min, with a 10-min diffusion time. The injection volume for the single-site injections
was 0.5 μL. The misplaced cannula or virus injections were excluded from the analysis. DREADD
expression was allowed to accumulate for 2 weeks before systemic/local vehicle and CNO injections.

Immunohistochemistry

Mice were administrated with pentobarbital (50 mg/kg), then 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 μm 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
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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 ethanol, 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, ab20066, Abcam), mouse anti-D2R (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-rabbit
(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 1×PBS 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 aIC and bregma +1.4 to +1.0 mm (4-6 sections per mouse, n=3 each group) for NAc.
Mounted slides 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 ImageJ
software (National Institutes of Health). 

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 the 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 NaHCO3, 3 mM KCl, 10 mM
MgSO4.7H2O, 1.25 mM NaH2PO4, and 0.1 mM CaCl2), which was bubbled continuously with 95% O2 and
5% CO2. The brain was sagittally 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-μm 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
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nylon mesh containing external solution (in mM: 124 NaCl, 3 KCl, 1 MgSO4.7H2O, 1.25 NaH2PO4, 10 D-
glucose, 24 NaHCO3, and 2 CaCl2, pH 7.4, osmolality 320-330 mOsm/kg H2O) bubbled with 95% O2 and
5% CO2 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
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, I.D. 0.86 mm; Harvard
Apparatus, Edenbridge, United Kingdom) on a horizontal puller (P-97, Sutter Instruments). The pipette tip
resistance was 6–8 MΩ. The pipette offset potential was adjusted with the amplifier. The pipettes were
filled with an internal solution containing the following components (in mM: 105 potassium gluconate, 20
KCl, 10 HEPES-Na+, and 0.1 EGTA, pH 7.25 adjusted with KOH, osmolality 280 mOsm/kg H2O).
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.

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 [25–29]. We first examined the involvement of these neurotransmitters in refeeding-induced
analgesia under chronic inflammatory pain conditions via a 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 [1, 30], and drugs were intraperitoneally injected after 2 hr
refeeding. The chronic inflammatory pain was induced by injecting CFA twice (D 0 initial injection and D 7
booster injection) into the hind paw [24], and behavior tests were conducted at 16 days after the first
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injection (Fig. 1A). The von Frey test and spontaneous pain behavior were measured 30 min after drug
injection in the male mice. The result showed that sulpiride reversed refeeding-induced analgesia in both
the von Frey test and spontaneous pain behavior test (Figs. 1B, 1C). By contrast, SR141716 did not
reverse refeeding-induced analgesia (Fig. S1). We did not examine the involvement of the opioid system
in this work because we previously observed that naloxone, a non-specific opioid antagonist, induced a
paradoxical analgesic effect in the free-fed group in chronic inflammatory pain conditions [24]. Taken
together, our result demonstrated that dopamine signaling is involved in the refeeding-induced analgesia
under chronic inflammatory pain conditions.

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. 1D) and spontaneous
pain behavior test (Fig. 1E). Since there was no sex difference in the behavior tests, we used the male
mice throughout the study.

Refeeding reverses D2R upregulation of the NAcS neurons under chronic inflammatory pain condition

Based on the involvement of the dopamine system in refeeding-induced analgesia (Fig. 1), we next
examined the brain area involved in the refeeding-induced analgesia. Since the dopamine release in the
NAc is 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) in male
mice [31] (Fig. 2A). Interestingly, the level of c-Fos-IR positive neurons was increased in the NAcS under
CFA-induced free-fed group compared to the naïve group, which was significantly decreased by 2 hr
refeeding (Fig. 2B). The level of c-Fos expression returned to a similar level of the CFA-induced free-fed
group at 24 hr after refeeding (Fig. 2B). In contrast, there was no difference in the level of c-Fos
expression within the NAcC between naïve and CFA groups. Also, feeding status did not affect the level of
c-Fos expression in the NAcC of the CFA group (Fig. 2B). 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 [32], we next determined c-Fos expressing neurons in the NAcS using male Fos-tTA-
eGFP transgenic mice. As shown in Figure 2C, 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. 2D, 2E). Together, our results indicate
that chronic inflammatory pain led to activation of the NAcSD2R 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 NAcSD2R in refeeding-induced analgesia, male mice were microinjected with D2R
antagonist (sulpiride, 5 µg/µL) into the NAcS after 2 hr refeeding (Figs. 3A, 3B). The dose was determined
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based on a previous study [33]. Sulpiride infusion reversed refeeding-induced analgesia in both the von
Frey test (Fig. 3C) and spontaneous pain behavior test (Fig. 3D). Taken together, these results imply a
critical role of NAcSD2R in refeeding-induced analgesia.

The aIC CaMKII neurons projecting to NAcSD2R neurons are activated with chronic inflammatory pain

The NAcS receives projection from the anterior insular cortex (aIC), which also mediates pain perception
and feeding behavior [18, 19, 34]. We hence determined whether the aIC is involved in refeeding-induced
analgesia. We repeated the c-Fos analysis in the aIC of male CFA group (Fig. 4A) and found that changes
in c-Fos expression in the aIC are comparable to that of NAcS. Similarly, the level of c-Fos expression
within the aIC, was enhanced in the CFA group compared to the naïve group, which was decreased by 2 hr
refeeding (Figs. 4A, 4B). The c-Fos expression level returned to a similar level of the CFA-induced free-fed
group at 24 hr after refeeding. Overall, these results suggest that the aIC also contributes to refeeding-
induced analgesia.

It has been shown that the NAcS receives glutamatergic input from the aIC [21]. Next, we identified target
neurons of the aICCaMKII 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. 4C-F). These results demonstrate a monosynaptic projection from
aICCaMKII neurons to NAcSD2R neurons.

Refeeding suppresses excitability of aIC CaMKII -innervating NAcS D2R neurons under chronic inflammatory
pain condition

Next, we confirmed the effect of refeeding on the functional activity of the aICCaMKII-NAcSD2R circuit under
chronic pain conditions by whole-cell recordings in the brain slice. As shown in Figures 5A and 5B, we
injected pAAV-CaMKIIa-hM3D(Gq)-mCherry into the aIC of male CFA group and recorded neural spikes in
the mCherry expressing NAcSD2R neurons. In consistent with the previous study [35], spike numbers were
increased in the CFA-free fed group (Figs. 5C, 5D). However, spike numbers significantly decreased in the
CFA-induced refed group compared to the CFA-induced free-fed group (Figs. 5C, 5D). Also, application of
the CNO (3 µM) into the bath solution significantly enhanced firings (Figs. 5C, 5D). At the end of each
recording, sulpiride (5 µM) was applied to confirm that the neurons recorded express D2R. In consistent
with the previous study [35], sulpiride application increased the excitability of D2R expressing neurons in
the CFA group (Figs. 5C, 5D).

Inhibition of aIC CaMKII terminals in NAcS decreases chronic inflammatory pain behavior

Next, we sought to understand the role of aICCaMKII-NAcS circuit in chronic inflammatory pain behavior. To
answer this question, we chemogenetically inhibited aICCaMKII-NAcS circuit in the male CFA group. The
aIC was transduced with pENN-AAV-CaMKIIa-HI.GFP-Cre-WPRE-SV40 and retrograde pAAV-hSyn-DIO-
hM4D(Gi)-mCherry was injected into the NAcS (Figs. 6A, 6B). Expression of GFP and mCherry were
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confirmed in the aIC via fluorescent imaging (Figs. 6C, 6D), and chemogenetic inactivation by CNO was
confirmed by the level of c-Fos expression after systemic CNO injection (Fig. 6E). CNO injection alleviated
both mechanical allodynia and spontaneous pain behavior (Figs. 6F, 6G). Together, these results imply
that activation of aICCaMKII-NAcSD2R circuit is necessary for chronic inflammatory pain behavior.

Activation of aIC CaMKII terminals in NAcS reverses refeeding-induced analgesia in chronic inflammatory
pain model

Lastly, we examined whether aICCaMKII-NAcS circuit mediates refeeding-induced analgesia. In this time,
we chemogenetically activated aICCaMKII-NAcS circuit following 2 hr refeeding in the male CFA group.
Mice were transduced with the hM3Dq receptor via injection of pAAV-CaMKIIa-hM3D(Gq)-mCherry, and
cannula were placed in the NAcS so that CNO could be directly administered to aIC terminals (Figs. 7A,
7B). Virus expression was confirmed via fluorescent imaging (Fig. 7C) and chemogenetic activation by
CNO was confirmed by the level of c-Fos expression after CNO microinjection (Fig. 7D). CNO infusion
reversed refeeding-induced analgesia in both von Frey test (Fig. 7E) and spontaneous pain behavior test
(Fig. 7F). These results indicate that activation of aICCaMKII-NAcSD2R circuit reverses refeeding-induced
analgesia.

Discussion
We demonstrate in this study that glutamatergic neurons in the aIC projecting to the NAcSD2R mediate
refeeding-induced analgesia. Our results indicate that refeeding produces analgesic effect by suppressing
neuronal activities of aICCaMKII-NAcSD2R circuit, which are enhanced under chronic pain conditions
(Fig. 8). 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 [11,
36–39]. In the previous study, inhibition of the NAcS with lidocaine ameliorated chronic pain behavior but
not acute pain behavior[36]. By contrast, inhibition of the NAcC exacerbated acute pain behavior, and
optogenetic activation of the NAcC ameliorated chronic pain behavior [40, 41]. These suggest that
activation of the NAcS mediates pain perception under chronic pain conditions while activation of the
NAcC alleviates pain in both acute and chronic pain conditions. 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 conditions and suppressed by 2 hr refeeding, but the NAcC was not
affected by refeeding (Fig. 2). These results suggest that the function of the NAcS in regard to pain
behavior may alter with pain chronification and may restore by refeeding.

Dopamine release and the level of c-Fos expression increases within the NAcC in response to reward
stimuli such as addictive drug administration or refeeding [42–45]. However, reward responsiveness is
reduced in chronic pain conditions [46]. Dopamine release induced by sucrose solution intake or
morphine as a reward is suppressed [37, 47], and dopamine signaling is reduced in the NAcC under
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chronic pain condition [48]. 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. 2B), whereas c-Fos expression
increased in response to refeeding in the naïve group (Fig. S2). These findings indicate deficits in the
reward-related function of the NAcC under chronic pain conditions, which may result from a
hypodopaminergic state. However, dopamine concentration in the NAcC needs to be measured in the CFA-
induced free-fed and refed group to confirm the 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 [49, 50]. Some
evidences indicate that D1R is important for reward learning while D2R elicits behavioral aversion [51,
52]. Pain states have been associated with D2R in both preclinical animal models and human imaging
studies [11, 53]. A previous study reported that the contribution of D2R to anti-hyperalgesia was greater
than that of D1R in chronic pain [17]. In another study, chronic pain only elevated D2R protein level, but
not D1R protein level [54]. Moreover, a previous study suggests that the intrinsic excitability of the
GABAergic NAcSD2R, whose activity suppresses by dopamine binding, was substantially elevated in the
chronic neuropathic pain model due to lack of dopamine [35]. Similarly, we showed elevated D2R
expression in chronic pain conditions (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 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.

Although anatomical connectivity between the aIC and NAcS has been reported [21], the functional
connectivity of aICCaMKII-NAcSD2R is yet to be identified. Consistent with this study [21], we confirmed
glutamatergic projection from the aIC to the NAcSD2R neurons (Figs. 4E, 4F) and further revealed
functional connectivity through slice patch-clamp recordings. pAAV-CaMKIIa-hM3D(Gq)-mCherry was
injected into the aIC to record neural spikes in the mCherry expressing NAcSD2R neurons. The excitability
of the NAcSD2R neurons receiving aICCaMKII projection was increased under chronic pain conditions, but
suppressed by refeeding (Figs. 5C, 5D). Moreover, we confirmed the role of aICCaMKII-NAcSD2R circuit in
chronic inflammatory pain with chemogenetics. Inhibition of aICCaMKII-NAcSD2R circuit alleviated chronic
inflammatory pain behavior (Figs. 6F, 6G) while activation reversed refeeding-induced analgesia (Figs. 7E,
7F). These results imply that activation of aICCaMKII-NAcSD2R circuit may mediate chronic pain behavior.
Unlike our results, a previous human fMRI study reported that the functional connectivity of the aIC-NAc is
decreased in chronic pain [23]. This discrepancy might be due to either difference 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 [55, 56]. In this study, we focused on the aIC 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
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and feeding behavior [57, 58]. Indeed, the whole brain c-Fos analysis shows possible involvement of other
brain regions such as the basolateral amygdala, medial prefrontal cortex, lateral parabrachial nucleus,
and ventromedial hypothalamus [59]. Future studies of different brain regions will further help us to
understand the cellular mechanisms 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 the dopamine release at the pre-synapse in the striatum
[60], and glucose-sensing neurons are located in the reward system in the brain [61]. 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 [62].
These findings support our hypothesis that the 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 the human report that gut hormones such as
ghrelin and CCK affect activation of the aIC and NAcS to regulate appetite [63, 64]. Also, it is known that
short-term fasting depletes naïve B cells by promoting apoptosis, and the number of naïve B cells is
restored by refeeding [65]. Thus, it is highly likely that both the endocrine and immune system are
involved in the refeeding-induced analgesia.

Conclusion
From this study, we demonstrate for the first-time functional significance of aIC-NAcS circuit in the
modulation of pain behavior. Importantly, this study suggests that modification of feeding behavior can
restore altered brain function and induce an analgesic effect in chronic inflammatory pain conditions
even without medical treatment. Through verifying a mechanistic understanding for the suppression of
chronic inflammatory pain behavior by feeding behavior, our work provides novel therapeutic targets for
the development of chronic pain management.
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Figure 1

The effect of D2R antagonist on refeeding-induced analgesia in chronic inflammatory pain model
(A)
Experimental design and schedule. (B) Effect of D2R 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
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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)

Figure 2

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 μm;
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,
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red) or D2R (right red, arrow indicates co-labeled neurons) and DAPI (blue) in the NAcS. Scale bar
represents 20 μm; 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 μm;
magnification 100X. Normalized density of D2R in the NAcS.

Figure 3

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, ****p < 0.0001.
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Figure 4

Involvement of aIC 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 aIC. Scale bar represents 100 μm; 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 aIC. Scale bar represents 20 μm; magnification 200X
(1.5). (D) Sagittal view of virus injection into the aIC. (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 μm; magnification 100X (1.5). (G)
Normalized D1R or D2R 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 5

Effect of refeeding on the excitability of D2R-expressing neurons in the NAcS in inflammatory chronic
pain
(A) Sagittal view of virus injection into aIC 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 μm; 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
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(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.

Figure 6

Effect of inhibition of aICCaMKII-NAcS circuit on chronic inflammatory pain behavior
(A) Schematic
diagram of experiment schedule. (B) Sagittal view of virus injection into the aIC and the NAcS. (C)
Representative fluorescence image illustrating expression of hM4Di in the NAcS. Scale bar represents 500
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μm, 20 μm in the box; maginification 100X tiled scan and 400X. (D) Representative fluorescence image
illustrating expression of hM4Di, Cre, and DAPI in the aIC. Scale bar represents 50 μm. (E) Representative
images of c-Fos (grey), Cre (green) and hM3Di (red) expression in the aIC that were administered vehicle
or CNO. Scale bar represents 10 μm; 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 7

Effect of chemogenetic activation of aICCaMKII-NAcS circuit on refeeding- induced analgesia
(A)
Schematic diagram of experiment schedule. (B) Sagittal view of virus injection into the aIC and cannula
implantation above NAcS. (C) Representative fluorescence image illustrating expression of hM3Dq at the
injection site. Scale bar represents 500 μm. (D) Representative images of c-Fos (grey) and hM3Dq (red)
expression in the NAcS that were administered vehicle or CNO. Scale bar represents 20 μm; magnification
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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 post hoc test. Data are represented as mean ± SEM, **p < 0.01, ****p < 
0.0001.

Figure 8

Schematic summary showing that activity of aICCaMKII-NAcS circuit plays a key role in refeeding-
induced analgesia
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