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Abstract

The endocannabinoid system (ECS) is known to modulate not only food intake but also pain, especially via the cannabinoid

type 1 receptor (CB1R) expressed throughout the central nervous system and the peripheral tissues. Our previous study

demonstrated that fasting produces an analgesic effect in adult male mice, which is reversed by intraperitoneal (i.p.) admin-

istration of CB1R antagonist (SR 141716). In the present study, we further examined the effect of CB1R expressed in the

peripheral tissues. In the formalin-induced inflammatory pain model, i.p. administration of peripherally restricted CB1R

antagonist (AM 6545) reversed fasting-induced analgesia. However, intraplantar administration of SR 141716 did not affect

fasting-induced analgesia. Furthermore, mRNA expression of CB1R did not change in the formalin model by fasting in the

dorsal root ganglia. The formalin-induced c-Fos expression at the spinal cord level was not affected by fasting, and in vivo

recording from the superficial dorsal horn of the lumbar spinal cord revealed that fasting did not affect formalin-induced

neural activity, which indicates minimal involvement of the spinal cord in fasting-induced analgesia. Finally, when we per-

formed subdiaphragmatic vagotomy to block the hunger signal from the gastrointestinal (GI) system, AM 6545 did not affect

fasting-induced analgesia, but SR 141716 still reversed fasting-induced analgesia. Taken together, our results suggest that both

peripheral and central CB1Rs contribute to fasting-induced analgesic effects and the CB1Rs in the GI system which transmit

fasting signals to the brain, rather than those in the peripheral sensory neurons, may contribute to fasting-induced analgesic

effects.
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Introduction

Pain is a multidimensional experience, considered

to have both sensory-discriminative and affective-

motivational components.1 Therefore, pain perception

is affected by various psychological interventions.2

Feeding is a complex behavior with psychological effects

and is closely related to pain perception.3–5 Our previous

studies demonstrated that both food hedonics and

hunger, innate factors for food-seeking, suppress pain

signaling.6,7

The endocannabinoid system (ECS) has multiple

functions in modulating both food intake and pain.

Especially, the cannabinoid type 1 receptor (CB1R)

expressed throughout the central nervous system and

peripheral tissue regulates hedonic and homeostatic

feeding.8 The activation of CB1R is also well known to
suppress pain signaling at supraspinal, spinal and
peripheral levels.9 Therefore, food intake and pain are
likely to interact with each other via CB1R. In our
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previous study, the rats consistently displayed an
increase in thermal withdrawal latency while drinking
sucrose, which was reversed by intraperitoneal (i.p.)
administration of CB1R antagonist (SR 141716).7 We
also demonstrated that 24 h fasting produces an analge-
sic effect in the formalin-induced acute inflammatory
pain model, and SR 141716 (i.p.) inhibits the fasting-
induced analgesia.6

Interestingly, recent works have reported that periph-
eral ECS is critical for food intake.10 Acute food depri-
vation significantly increases anandamide (AEA, the
endogenous ligand for CB1R) levels in the small intes-
tine but not in the brain.11 Furthermore, intracerebro-
ventricular (i.c.v.) administration of SR 141716 did not
affect food intake after fasting, whereas i.p. treatment of
SR 141716 significantly decreased the amount of food
intake in fasted rats.11 Peripherally restricted CB1R
antagonist (AM 6545, i.p.) also is well known to
reduce food intake, body weight, and food-reinforced
behavior.12–14 Thus, CB1Rs expressed in peripheral
organs might play an important role in transmitting
feeding signals to the brain.

Besides, direct activation of CB1R in primary noci-
ceptive sensory neurons is known to produce an analge-
sic effect in various animal pain models.15–17 Peripheral
administration of AEA attenuated thermal hyperalgesia
in the carrageenan-induced inflammatory pain model,
which was reversed by SR 141716.15 Peripherally
restricted inhibitor (URB937) of fatty acid amide hydro-
lase (FAAH), the enzyme for the degradation of AEA,
reduced pain response in visceral, neuropathic, and
inflammatory pain models.16 In addition, sensory
neuron-specific CB1 knockout mice showed increased
basal pain sensitivity.17 Accordingly, CB1Rs expressed
in peripheral neurons could be targeted for endocanna-
binoid regulation of pain. However, little is known
about how peripheral ECS contributes to fasting-
induced analgesia. In this study, we thus sought to
explore the involvement of peripheral CB1R in fasting-
induced analgesia.

Experimental procedures

Animals

Male C57BL/6 mice weighing 18–25 g were used for the
experiments and purchased from DooYeol Biotech
(Korea). The mice were housed 3–5 per cage at a
temperature-controlled room (23� 1 �C, 12 h/12
h light/dark cycle with lights on at 08:00) and main-
tained with standard lab chow (pellet diet) and water
ad libitum except when food was removed for depriva-
tion experiments. Experimental procedures were
reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) at Seoul National

University and were consistent with the International

Association for the Study of Pain (IASP) guidelines.

Formalin-induced pain model

All procedures were prepared as previously described.18

20 ml of 1% formalin (formaldehyde solution, 36�38%,

Junsei) was intraplantarly (i.pl) injected into the right

hind paw with a 0.3ml insulin syringe. Following forma-

lin injection, the animals were immediately placed in a

test chamber and recorded using a video camera for

40minutes. The time mice spent licking was measured

during each 5minutes by an observer who was blinded

to the treatment. Formalin-induced pain behaviors

during 0–10minutes after formalin injection represented

the first phase and during 10–40minutes after formalin

injection represented the second phase.

Administration of drugs

Both AM 6545 (peripherally restricted CB1R antagonist,

Tocris) and SR 141716 (CB1R antagonist, Tocris) were

diluted in 0.9% saline with 10% DMSO and 1% tween

80 and then sonicated. Either AM 6545 or SR 141716

was injected at a dose of 10mg/kg (i.p.) in a volume of

10ml/kg body weight 30min before formalin injection.

To evaluate the peripheral effects of SR 141716, forma-

lin test was performed after i.pl. injection of SR 141716

(10 mg per mouse), which was diluted in 1% formalin

(20 ml/0.9% saline).

Quantitative reverse transcription PCR

Mice were sacrificed 1 h after formalin injection.

Quantitative reverse transcription PCR was performed

as previously described.19 The primer pairs for activating

transcription factor 3 (ATF3) was CCAGGTCTCTG

CCTCAGAAG, CCGATGGCAGAGGTGTTTAT. The

primer pairs for c-Fos was GGTGAAGACCGTGTCA

GGAG, CCTTCGGATTCTCCGTTTCTCT. The primer

pairs for cnr1 was ACGGTGTTTGCCTTCTGTAGT,

CTGTGTTATTGGCGTGCTTGT. The primer pairs for

the synthesizing enzyme N-acyl phosphatidylethanolamine

phospholipase D (NAPE-PLD) was GACGCTGATGG

TGGA AATGGA, AGGTGGTCGTAGTGGTTGTGA.

The primer pairs for GAPDH was ATGGTGAAGGTC

GGTGTGAAC, CATGGTGGTGAAGACACCAGT

AG. All experimental groups relative to the naı̈ve con-

trol group were calculated by the DDCT method with

GAPDH as the reference gene.

c-Fos immunohistochemistry

All procedures were prepared as previously described.18

Animals were sacrificed 2 h after formalin injection.

Sections were pre-blocked with 5% normal goat serum
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(NGS). Sections were incubated in 1st antibody (PC38,

Calbiochem, USA; 1:1000) for 48 h at 4 �C, and incubat-

ed in biotinylated goat anti-rabbit (BA1000, Vector lab-

oratories, USA; 1:400) for 2 h at RT. Sections were

processed with ABC kit (PK-6100, Vectastain ABC kit,
Vector Laboratories, USA), visualized with DAB kit

(DAB substrate kit for peroxidase, Vector laboratories,

USA). After dehydration steps, all sections were

mounted on slide grass with hardening mounting

medium (Sigma, Germany) and examined under the

bright-field microscope (DM5000B, Leica, Germany)

Cell counting and image analysis

For the quantification of c-Fos expression, we confirmed

that most c-Fos expression induced by injection of 1%

formalin (i.pl.) localized in Lumbar (L) 4–5 segment. 4–6

sections with the highest expression of c-Fos per animal

were chosen, and lamina I-VI and lamina I-II (superficial

dorsal horn) of L 4–5 segments were selected for analy-

sis. The number of c-Fos positive neurons was counted

blindly, and the mean value was used as representative

counts. Using image J, the image of selected sections was
converted to a greyscale, background subtracted,

enhanced and sharpened. The intensity threshold was

adjusted and then analyzed using the “analysis particles”

function.

In vivo electrophysiological recording

The methods for making in vivo preparation were sim-

ilar to those in our previous studies.20–22 Briefly, mice
were anesthetized with urethane (1.2–1.5 g/kg, i.p.) and

placed on a warm (�40 �C) plate. A thoracolumbar lam-

inectomy at T13-L2 levels was performed to expose the

dorsal surface of the lumbar enlargement of the spinal

cord at L3-L5 levels. The mouse was then placed in a

stereotaxic apparatus (ST-7M-HT, Narishige, Tokyo,

Japan). The dura matter was removed, and the pia-

arachnoid membrane was cut for making a small
window to insert a tungsten electrode with an impedance

of 10MX (FHC, Bowdoin, ME, USA) using a microma-

nipulator (MHW-4–1, Narishige) at a fixed angle. The

electrode was placed into the spinal dorsal horn, and

multiunit neuronal firings were amplified with a differ-

ential extracellular amplifier (EX1, Dagan, Minneapolis,

MN, USA). The signal was bandpass-filtered at 300–

3 kHz and sampled at 25 kHz. Recorded signals were

spike-sorted with a software (Spike2 ver. 6, Cambridge
Electronic Design, Cambridge, UK) as previously

reported.23,24 We detected unit firings if they had basi-

cally biphasic shapes, and the amplitude was three times

higher than SD of the baseline. If the amplitude

and shape of firings were almost the same (see inset in

Figure 3(Cb)), we used the firings as a single unit.

Formalin (20 ml, 1%, i.pl) was injected into the paw ipsi-

lateral to the recording site. We continuously recorded

more than 40min after the formalin injection.

Bilateral subdiaphragmatic vagotomy

All procedures were prepared as previously described.25,26

Mice were anesthetized by pentobarbital (i.p., 50mg/kg)

and placed in dorsal recumbency. A 1 cm skin incision

was made immediately caudal to the xiphoid process.

The liver was retracted with a saline dampened cotton

swab, and gentle traction was applied to the esophagus

by lifting the stomach out of the peritoneal cavity.

Esophagogastric junction was visualized with the aid of

a surgical microscope, and a vagal segment was isolated

then excised bilaterally. The incision in the abdominal

wall and skin were closed separately. In sham-operated

mice, the vagus was exposed but not excised. A formalin

test was performed at least 1week after vagotomy.

Statistical analysis

Statistical analysis was performed using GraphPad Prism

version 6.0 (GraphPad Software, USA). A comparison

between the two groups was made using the unpaired

Student’s t-test. For multiple comparisons, data were ana-

lyzed using the one-way ANOVA or two-way ANOVA

followed by the Tukey 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

The peripheral CB1R contributes to fasting-induced

analgesia

In a previous study, we showed that 24h acute fasting

suppressed formalin-induced spontaneous pain only in

the second phase, which was reversed by systemic admin-

istration of SR 141716 (i.p., 10mg/kg), a CB1R antago-

nist.6 To determine the specific role of peripheral CB1R in

this study, we used AM 6545 (i.p., 10mg/kg), which shows

markedly reduced brain penetration whereas SR 141716 (i.

p., 10mg/kg) are detected high concentration in the brain

at 1 h after treatment of AM 6545 and SR 141716.12 Both

AM 6545 (i.p., 10mg/kg) and SR 141716 (i.p., 10mg/kg)

were treated 30minutes before formalin injection (Figure 1

(A)), and we compared the effect of AM 6545 and SR

141716 (Figure 1(B)). As compared with the vehicle-

treated group, both AM 6545 and SR 141716 significantly

reversed fasting-induced analgesia (Figure 1(B) and (C)).

These results suggest that the peripheral CB1Rs contribute

to fasting-induced analgesia.
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The CB1R expressed in DRG is unlikely to be involved
in fasting-induced analgesia

To identify the role of peripheral CB1R in dorsal root
ganglion (DRG), we administrated CB1R antagonist
into the hind paw. In the previous study, i.pl injection
of SR 141716 has been shown to significantly inhibit the
analgesic effect of AEA, even at a dose of 100 ng.15

However, although we co-administrated much higher

concentration of SR 141716 (i.pl., 10 mg) with 1% for-

malin, SR 141716 did not block the analgesic effect of

fasting (Figure 2(A)). Furthermore, in the formalin

model, there was no difference in mRNA expression of

CB1R (encoded by the cnr1 gene) in DRG between the

free-fed group and 24 h fasted group (Figure 2(Ba)).

Even after 24 h fasting, the formalin-induced ATF3

expression was not different between the two groups

(Figure 2(Bb)).

Figure 1. The effect of peripherally restricted CB1R antagonist on fasting-induced analgesia in formalin-induced acute inflammatory pain
model. (A) Experimental design and schedule for formalin test. (B) Time course of spontaneous pain behavior following intraplantar (i.pl)
injection of formalin in free-fed and 24 h fasted mice who received either AM 6545 or SR 141716, respectively. We adopted the result of
SR 141716 from our recent publication (“The analgesic effect of refeeding on acute and chronic inflammatory pain” by Jeong-Yun Lee and
Grace J. Lee et al. is licensed under CC BY 4.0). (C) Formalin-induced pain behavior was divided into two phases and analyzed. As
compared with free fed-vehicle groups, formalin-induced pain behavior decreased in the 24 h fasted-vehicle group only at 2 phase. As
compared with 24 h fasted-vehicle group, AM 6545 and SR 141716 reversed fasting-induced analgesia. ***p<0.001, ****p<0.0001 ((C) one-
way ANOVA followed by Tukey test).
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Next, we examined whether fasting suppresses

formalin-induced pain signals at the spinal cord level.

The protein expression of formalin-induced c-Fos, an

important marker of nociceptive neuronal activation,27

was not different between the free-fed group and 24 h

fasted group (Figure 3(A)). The mRNA expression of

c-Fos also did not differ between the two groups

(Figure 3(B)). Furthermore, the mRNA expression of

cnr1 and NAPE-PLD (the major enzyme responsible

for AEA) at the lumbar spinal cord remained unchanged

after 24h fasting in the formalin-induced acute inflamma-

tory pain model (Supplemental Figure 1). In the acetic

acid-induced visceral pain model, 24 h fasting also did

not affect the mRNA expression of c-Fos at the thoraco-

lumbar spinal cord, whereas the mRNA expression of

cnr1 and NAPE-PLD tended to increase slightly at thor-

acolumbar spinal cord (Supplemental Figure 2). We

recorded in vivo spinal neuronal firings in response to

cutaneous formalin injection. Formalin injection into

the paw elicited neuronal firings in the spinal dorsal

horn in free-fed group. As shown in Figure 3(Ca) and 3

(Cb), the time course of the unit firing number showed a

biphasic response. In 24 fasted group, formalin injection

also showed a similar biphasic response, and the firing

unit number in the 2nd phase was not different between

free-fed and 24 fasted groups (Figure 3(Cc)). That in 24

Figure 2. The effect of fasting on nociceptive signaling in the peripheral sensory neurons in formalin-induced acute inflammatory pain
model. (A) The effect of intraplantar (i.pl) injection of CB1R antagonist on fasting-induced analgesia. Experimental design and schedule for
formalin test (a). Time course of spontaneous pain behavior following injection of formalin (b, c). Formalin-induced pain behavior was
divided into two phases, and the second phase was analyzed (d). SR 141716 (i.pl., 10 mg) did not affect the analgesic effect of fasting in the
formalin-induced acute inflammatory pain model. (B) The mRNA expression of CB1R (cnr1) (a) and activating transcription factor 3
(ATF3) (b) in DRG. 24 h fasting did not affect the mRNA expression of cnr1 and ATF3 in formalin-induced acute inflammatory pain model
((A), (B) unpaired t-test).
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fasted groups treated with AM 6545 was not also differ-

ent between free-fed and 24 fasted groups (Supplemental

Figure 3).
Collectively, our results showed that the CB1R

expressed in DRG and its central inputs to the spinal

cord might not play a critical role in fasting-induced

analgesia.

SR 141716, but not AM 6545, reversed fasting-

induced analgesia after subdiaphragmatic vagotomy

Peripheral CB1Rs are known to regulate feeding behav-

ior via the vagus nerve.11,28 Therefore, we investigated

whether the activation of CB1R from the gastrointesti-

nal (GI) system could modulate fasting-induced

analgesia via the vagus nerve. A formalin test was per-
formed at least 1week after vagotomy (Figure 4(A)). In
consistent with a previous study,29 subdiaphragmatic
vagotomy itself significantly suppressed formalin-
induced pain behavior only in the second phase
(Figure 4(Ba) and (Ca)). As compared to the sham
group, fasting-induced analgesia did not differ after sub-
diaphragmatic vagotomy (Figure 4(Ba) and (Ca)).
Following subdiaphragmatic vagotomy, AM 6545
tended to reverse the fasting-induced analgesia, although
the effect was not significant (Figure 4(Bb) and (Cb)).
On the other hand, SR 141716 significantly reversed
fasting-induced analgesia (Figure 4(Bb) and (Cb)).
These results suggest that the CB1Rs in the GI system,
rather than sensory neurons, may contribute to fasting-

Figure 3. The effect of fasting on nociceptive signaling in the spinal cord in the formalin-induced acute inflammatory pain model. (A)
Formalin-induced c-Fos protein expression in the spinal cord of lumbar (L4-L5) segments. Representative expression of c-Fos protein in
L4-L5 (a). The quantification of c-Fos protein expression (b). The total number of c-Fos positive neuron from lamina I to VI and the number
of c-Fos positive neuron from lamina I to II (superficial dorsal horn) were counted. (B) Formalin-induced c-Fos mRNA expression in the
spinal cord of lumbar segments. As compared with the free-fed group, formalin-induced c-Fos expression was not different in the 24
h fasted group. (C) An example of continuous chart recording showing spinal neuronal unit firings in response to cutaneous formalin
injection in free-fed mice (a). The lowest trace in the right are shown in an expanded timescale. Arrowheads indicate unit neuronal firings
during the action (in the 2nd phase) of formalin. The time-course of the average number of unit firing shown in (Ca) showing a formalin-
induced biphasic response (b). Insets show ten superimposed single unit firings indicated by arrowheads in a. 24 fasted mice also showed a
similar formalin-induced biphasic response in the spinal dorsal horn (see Results). The number of unit firings in the 2nd phase between free-
fed and 24 fasted groups was not different (c) ((A), (B), (C) unpaired t-test).
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induced analgesic effects by transmitting fasting signals

to the brain which also expresses CB1Rs.

Discussion

In this study, we found that the analgesic effect of 24 h

fasting was reversed by systemic treatment of peripher-

ally restricted CB1R antagonist (AM 6545, i.p.), but not

by local injection of CB1R antagonist (SR 141716) into
the hind paw in formalin-induced acute inflammatory
pain model. Furthermore, there is no difference in
formalin-induced c-Fos expression at the spinal cord
between the free-fed group and fasted group, and 24 h
fasting did not affect formalin-induced neural activity in
the superficial dorsal horn of the spinal cord. These
results indicate that CB1R expressed in DRG and its

Figure 4. The effect of subdiaphragmatic vagotomy on fasting-induced analgesia in formalin-induced acute inflammatory pain model. (A)
Time course of spontaneous pain behavior following intraplantar injection of formalin. (B) Formalin-induced pain behavior was divided into
two phases, and the second phase was analyzed. (C) As compared to the sham free-fed group, subdiaphragmatic vagotomy significantly
reduced formalin-induced pain behavior. Following subdiaphragmatic vagotomy, AM 6545 did not affect fasting-induced analgesia. SR
141716 reversed the effect of fasting/vagotomy-induced analgesia ***p<0.001, ****p<0.0001 ((B) one-way ANOVA followed by Tukey
test).
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central inputs to the spinal cord are less likely to be
involved in the analgesic effect of fasting. On the other
hand, the reversal effect of AM 6545 on fasting-induced
analgesia was not observed after subdiaphragmatic
vagotomy, which suggests a possible critical role of
CB1Rs in the GI system for the fasting-induced
analgesia.

Our previous study found that 10mg/kg of SR 141716
completely blocked the effect of 24 h fasting on formalin-
induced pain behavior. Since CB1Rs are expressed
throughout the central nervous system and peripheral
organs, AM 6545, as a peripheral restricted CB1R
antagonist, is likely to have a partial effect on fasting-
induced analgesia. However, comparing the sum of
formalin-induced pain behavior from 10min to 40min,
the reversal effect of AM 6545 is comparable to that of
SR 141716 (Figure 1(C)). These results suggest that
peripheral CB1R has an important role in the analgesic
effect of fasting.

It has been suggested that short-term fasting sup-
presses the expression of pain-related protein such as
p-ERK, p-CREB, and mTOR in both DRG and spinal
cord.30 Long-term calorie restriction has protective
effects against apoptosis, oxidative stress, and increased
calcium signaling in DRG by inhibiting the TRPV1
channel.31 It is also well demonstrated that dietary
restriction (intermittent fasting or calorie restriction)
has neuroprotective effects in the peripheral nervous
system as well as the central nervous system by inhibiting
nerve damage.32–35 Thus, fasting might produce an anal-
gesic effect by modulating DRG neurons. However, i.pl
injection of SR 141716 had no effect on fasting-induced
analgesia in this study (Figure 2(A)). Besides, the expres-
sion of ATF3, a reliable marker of nerve injury, in DRG,
which is known to increase by i.pl administration of for-
malin in a dose-dependent manner,36,37 was not affected
by 24 h fasting (Figure 2(Bb)). Our results also showed
that 24 h short-term fasting did not affect the formalin-
induced nociceptive signals at the superficial dorsal horn
of the lumbar spinal cord (Figure 3). In addition, the
mRNA expression of c-Fos was not affected by 24 h
short-term fasting at the thoracic spinal cord in the
acetic acid-induced visceral pain model (Supplemental
Figure 2). Thus, 24 h short-term fasting is less likely to
inhibit pain signals via peripheral sensory neurons.

Although 24 h fasting might not be likely to change
the transmission of pain signals from DRG to the spinal
cord, AM 6545 reversed fasting-induced analgesia in the
formalin model (Figure 1). Accumulating evidence sug-
gests that the vagal gut-to-brain axis plays a critical role
in modulating cognitive function and behavior. The
vagal sensory neurons innervating the GI tract are the
primary neuroanatomic substrate that synapses with
enteroendocrine cells and rapidly sends signals to the
brain.38,39 Interestingly, peripheral CB1R is known to

regulate feeding behavior via the vagus nerve.11,28

Peripherally restricted pharmacological inhibition of
CB1R suppresses alcohol preference behavior by reduc-
ing ghrelin production in the stomach cell, which was
abolished by chemical or surgical vagotomy.28 CB1R
expressed in upper small-intestinal epithelium regulate
secretion of the satiation peptide, cholecystokinin
(CCK), and anorexic effect of AM 6545 was blocked
by inhibition of CCKA receptors known to be abundant
on the peripheral vagal afferent neuron.40 Furthermore,
fasting-induced hyperphagia was prevented by CB1R
antagonist, which was abolished by chemical vagoto-
my.11 Thus, vagus nerve transmits feeding signals from
the GI system to the brain, which is involved in periph-
eral CB1R-mediated feeding behavior. In the present
study, we found that AM 6545 had no effect on
fasting-induced analgesia after subdiaphragmatic vagot-
omy (Figure 4), whereas AM 6545 significantly inhibited
the analgesic effect of fasting in naı̈ve mice (Figure 1).
It is known that although CB1R is localized in the vagus
nerve as well as the GI tract, CB1R in the vagus nerve
did not affect fasting-induced hyperphagia and anorexic
effect of SR 141716.41 Therefore, these results suggest
that the CB1Rs expressed in the GI tract transmit fasting
signals to the brain, which may induce fasting-induced
analgesic effects. It is also interesting to note that
although AM 6545 failed to reverse the analgesic effect
induced by fasting and vagotomy in the formalin test,
SR 141716 blocked these analgesic effects (Figure 4).
Thus, the CB1Rs expressed in the brain might be also
involved in the analgesic effects of fasting and
vagotomy.

The modulation of pain by subdiaphragmatic vagus
nerve is known to exhibit bidirectional effect and gender
dimorphism. In the previous studies, the bradykinin-
induced hyperalgesia was enhanced by subdiaphragmatic
vagotomy in both male and female rats.42,43 However,
gonadectomy and adrenal medullectomy completely
reverse the effect of subdiaphragmatic vagotomy only in
male rats but not in female rats.43 Moreover, subdiaph-
ragmatic vagotomy significantly reduced formalin-
induced pain behavior in male rats but not in female
rats.29 In our present study, the second phase of the for-
malin test was also significantly decreased by subdiaph-
ragmatic vagotomy in male mice (Figure 4). Besides, 48h
fasting enhances formalin-induced pain behavior in
female rats but not in male rats and the effect of 48 h
fasting was blocked by subdiaphragmatic vagotomy.44

However, subdiaphragmatic vagotomy did not affect
the effect of 24 h fasting in male mice (Figure 4). In
male mice, 48h fasting enhanced the first phase of
formalin-induced pain behavior while suppressing the
second phase (Supplemental Figure 4). Therefore, the
relationship between the vagus nerve and the effect of
fasting on pain varies according to gender, species, and
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fasting time, which remains to be elucidated in future

studies.
From the present study, our findings suggest that fast-

ing activates peripheral ECS in the GI tract and trans-

mits a hunger signal to the brain via the vagus nerve,

which may produce an analgesic effect. Therefore,

peripheral ECS and the vagus nerve can be an important

factor in the analgesic effect of fasting. Further research

is needed to determine the brain circuits that mediate

fasting-induced analgesia via the vagus nerve.

Acknowledgment

The authors thank Doyun Kim for supplying PCR primers.

Author Contributions

SBO conceived the idea, obtained funding for the study and

guided the project; JYL and CHW performed formalin test;

JYL and YJK performed c-Fos staining and histological data

analysis; PRL and JYL performed PCR; GJL and JYL per-

formed vagotomy; AN and HF performed in vivo recording;

JYL and SBO wrote the manuscript. All authors gave

final approval and agree to be accountable for all aspects of

the work.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of

this article.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: This research was supported by a National Research

Foundation of Korea grant (NRF-2018R1A5A2024418,

2017M3C7A1025602 and 2016M3A9B6021209) funded by

the Korean government MSIT (Ministry of Science and ICT).

ORCID iD

Seog Bae Oh https://orcid.org/0000-0001-7975-6895

Supplemental material

Supplemental material for this article is available online.

References

1. Becker S, Navratilova E, Nees F, Van Damme S.

Emotional and motivational pain processing: Current

state of knowledge and perspectives in translational

research. Pain Res Manag 2018; 2018: 5457870–5457808.
2. Price DD. Psychological and neural mechanisms of the

affective dimension of pain. Science 2000; 288: 1769–1772.
3. Zmarzty SA, Wells AS, Read NW. The influence of food

on pain perception in healthy human volunteers. Physiol

Behav 1997; 62: 185–191.

4. Younger J, Kapphahn K, Brennan K, Sullivan SD,

Stefanick ML. Association of leptin with body pain in

women. J Womens Health (Larchmt) 2016; 25: 752–760.
5. Lautenbacher S, Pauls AM, Strian F, Pirke KM, Krieg JC.

Pain perception in patients with eating disorders.

Psychosom Med 1990; 52: 673–682.
6. Lee JY, Lee GJ, Lee PR, Won CH, Kim D, Kang Y, Oh

SB. The analgesic effect of refeeding on acute and chronic

inflammatory pain. Sci Rep 2019; 9: 16873.
7. Davies AJ, Kim D, Park J, Lee JY, Vang H, Pickering AE,

Oh SB. Hedonic drinking engages a supraspinal inhibition

of thermal nociception in adult rats. Pain 2019; 160:

1059–1069.
8. Ruiz de Azua I, Lutz B. Multiple endocannabinoid-

mediated mechanisms in the regulation of energy homeo-

stasis in brain and peripheral tissues. Cell Mol Life Sci

2019; 76: 1341–1363.
9. Roques BP, Fournie-Zaluski MC, Wurm M. Inhibiting the

breakdown of endogenous opioids and cannabinoids to

alleviate pain. Nat Rev Drug Discov 2012; 11: 292–310.
10. Tam J, Hinden L, Drori A, Udi S, Azar S, Baraghithy S.

The therapeutic potential of targeting the peripheral endo-

cannabinoid/CB1 receptor system. Eur J Intern Med 2018;

49: 23–29.
11. G�omez R, Navarro M, Ferrer B, Trigo JM, Bilbao A, Del

Arco I, Cippitelli A, Nava F, Piomelli D, Rodrı�guez de

Fonseca F. F. A peripheral mechanism for CB1 cannabi-

noid receptor-dependent modulation of feeding. J Neurosci

2002; 22: 9612–9617.
12. Tam J, Vemuri VK, Liu J, Batkai S, Mukhopadhyay B,

Godlewski G, Osei-Hyiaman D, Ohnuma S, Ambudkar

SV, Pickel J, Makriyannis A, Kunos G. Peripheral CB1

cannabinoid receptor blockade improves cardiometabolic

risk in mouse models of obesity. J Clin Invest 2010; 120:

2953–2966.
13. Randall PA, Vemuri VK, Segovia KN, Torres EF,

Hosmer S, Nunes EJ, Santerre JL, Makriyannis A,

Salamone JD. The novel cannabinoid CB1 antagonist

AM6545 suppresses food intake and food-reinforced

behavior. Pharmacol Biochem Behav 2010; 97: 179–184.
14. Cluny NL, Vemuri VK, Chambers AP, Limebeer CL,

Bedard H, Wood JT, Lutz B, Zimmer A, Parker LA,

Makriyannis A, Sharkey KA. A novel peripherally restrict-

ed cannabinoid receptor antagonist, AM6545, reduces

food intake and body weight, but does not cause malaise,

in rodents. Br J Pharmacol 2010; 161: 629–642.
15. Richardson JD, Kilo S, Hargreaves KM. Cannabinoids

reduce hyperalgesia and inflammation via interaction

with peripheral CB1 receptors. Pain 1998; 75: 111–119.
16. Clapper JR, Moreno-Sanz G, Russo R, Guijarro A,

Vacondio F, Duranti A, Tontini A, Sanchini S, Sciolino

NR, Spradley JM, Hohmann AG, Calignano A, Mor M,

Tarzia G, Piomelli D. Anandamide suppresses pain initia-

tion through a peripheral endocannabinoid mechanism.

Nat Neurosci 2010; 13: 1265–1270.
17. Agarwal N, Pacher P, Tegeder I, Amaya F,

Constantin CE, Brenner GJ, Rubino T, Michalski CW,

Marsicano G, Monory K, Mackie K, Marian C, Batkai

S, Parolaro D, Fischer MJ, Reeh P, Kunos G, Kress M,

Lee et al. 9

https://orcid.org/0000-0001-7975-6895
https://orcid.org/0000-0001-7975-6895


Lutz B, Woolf CJ, Kuner R. Cannabinoids mediate anal-

gesia largely via peripheral type 1 cannabinoid receptors in

nociceptors. Nat Neurosci 2007; 10: 870–879.
18. Lee JY, Yoon SY, Won J, Kim HB, Kang Y, Oh SB.

Sinomenine produces peripheral analgesic effects via inhi-

bition of voltage-gated sodium currents. Neuroscience

2017; 358: 28–36.
19. Lee PR, Yoon SY, Kim HW, Yeo JH, Kim YH, Oh SB.

Peripheral GABAA receptor-mediated signaling

facilitates persistent inflammatory hypersensitivity.

Neuropharmacology 2018; 135: 572–580.
20. Furue H. In vivo blind patch-clamp recording technique.

In: Y Okada (ed) Patch-clamp techniques. New York:

Springer, 2012, pp. 171–182.
21. Furue H, Katafuchi T, Yoshimura M. In vivo patch-clamp

technique. In: W Walz (ed) Patch-clamp analysis advanced

techniques. 2nd ed. Totowa: Humana Press, 2007, pp.

229–251.
22. Furue H, Narikawa K, Kumamoto E, Yoshimura M.

Responsiveness of rat substantia gelatinosa neurones to

mechanical but not thermal stimuli revealed by in vivo

patch-clamp recording. J Physiol 1999; 521: 529–535.
23. Funai Y, Pickering AE, Uta D, Nishikawa K, Mori T,

Asada A, Imoto K, Furue H. Systemic dexmedetomidine

augments inhibitory synaptic transmission in the superfi-

cial dorsal horn through activation of descending norad-

renergic control: an in vivo patch-clamp analysis of

analgesic mechanisms. Pain 2014; 155: 617–628.
24. Sugiyama D, Hur SW, Pickering AE, Kase D, Kim SJ,

Kawamata M, Imoto K, Furue H. In vivo patch-clamp

recording from locus coeruleus neurones in the rat brain-

stem. J Physiol 2012; 590: 2225–2231.
25. Zielinski MR, Dunbrasky DL, Taishi P, Souza G, Krueger

JM. Vagotomy attenuates brain cytokines and sleep

induced by peripherally administered tumor necrosis

factor-alpha and lipopolysaccharide in mice. Sleep 2013;

36: 1227–1238, 1238A.
26. Dezfuli G, Gillis RA, Tatge JE, Duncan KR, Dretchen

KL, Jackson PG, Verbalis JG, Sahibzada N.

Subdiaphragmatic vagotomy with pyloroplasty amelio-

rates the obesity caused by genetic deletion of the melano-

cortin 4 receptor in the mouse. Front Neurosci 2018; 12:

104–103.

27. Harris JA. Using c-fos as a neural marker of pain. Brain

Res Bull 1998; 45: 1–8.
28. Godlewski G, Cinar R, Coffey NJ, Liu J, Jourdan T,

Mukhopadhyay B, Chedester L, Liu Z, Osei-Hyiaman D,

Iyer MR, Park JK, Smith RG, Iwakura H, Kunos G.

Targeting peripheral CB1 receptors reduces ethanol

intake via a gut-brain axis. Cell Metab 2019; 29:

1320–1333.e1328.
29. Khasar SG, Isenberg WM, Miao FJ, Gear RW, Green PG,

Levine JD. Gender and gonadal hormone effects on vagal

modulation of tonic nociception. J Pain 2001; 2: 91–100.
30. Jang SP, Park SH, Jung JS, Lee HJ, Hong JW, Lee JY,

Suh HW. Characterization of changes of pain behavior

and signal transduction system in food-deprived mice.

Anim Cells Syst (Seoul) 2018; 22: 227–233.

31. Gultekin F, Naziroglu M, Savas HB, Cig B. Calorie
restriction protects against apoptosis, mitochondrial oxi-
dative stress and increased calcium signaling through inhi-
bition of TRPV1 channel in the hippocampus and dorsal
root ganglion of rats. Metab Brain Dis 2018; 33:
1761–1774.

32. Opalach K, Rangaraju S, Madorsky I, Leeuwenburgh C,
Notterpek L. Lifelong calorie restriction alleviates
age-related oxidative damage in peripheral nerves.
Rejuvenation Res 2010; 13: 65–74.

33. Madorsky I, Opalach K, Waber A, Verrier JD, Solmo C,
Foster T, Dunn WA, Jr., Notterpek L. Intermittent fasting
alleviates the neuropathic phenotype in a mouse model of
Charcot-Marie-Tooth disease. Neurobiol Dis 2009; 34:
146–154.

34. Lee S, Notterpek L. Dietary restriction supports peripheral
nerve health by enhancing endogenous protein quality con-
trol mechanisms. Exp Gerontol 2013; 48: 1085–1090.

35. Coccurello R, Nazio F, Rossi C, De Angelis F, Vacca V,
Giacovazzo G, Procacci P, Magnaghi V, Ciavardelli D,
Marinelli S. Effects of caloric restriction on neuropathic
pain, peripheral nerve degeneration and inflammation in

normometabolic and autophagy defective prediabetic
Ambra1 mice. PLoS One 2018; 13: e0208596.

36. Salinas-Abarca AB, Avila-Rojas SH, Barragán-Iglesias P,
Pineda-Farias JB, Granados-Soto V. Formalin injection
produces long-lasting hypersensitivity with characteristics
of neuropathic pain. Eur J Pharmacol 2017; 797: 83–93.

37. Braz JM, Basbaum AI. Differential ATF3 expression in
dorsal root ganglion neurons reveals the profile of primary
afferents engaged by diverse noxious chemical stimuli. Pain
2010; 150: 290–301.

38. Schwartz GJ. The role of gastrointestinal vagal afferents in
the control of food intake: current prospects. Nutrition

2000; 16: 866–873.
39. Kaelberer MM, Buchanan KL, Klein ME, Barth BB,

Montoya MM, Shen X, Bohorquez DV. A gut-brain
neural circuit for nutrient sensory transduction. Science

2018; 361: eaat5236.
40. Argueta DA, Perez PA, Makriyannis A, DiPatrizio NV.

Cannabinoid CB1 receptors inhibit gut-brain satiation sig-
naling in diet-induced obesity. Front Physiol 2019; 10:
704–707.

41. Vianna CR, Donato J Jr, Rossi J, Scott M, Economides K,
Gautron L, Pierpont S, Elias CF, Elmquist JK.
Cannabinoid receptor 1 in the vagus nerve is dispensable
for body weight homeostasis but required for normal gas-
trointestinal motility. J Neurosci 2012; 32: 10331–10337.

42. Khasar SG, Miao JP, Janig W, Levine JD. Modulation of
bradykinin-induced mechanical hyperalgesia in the rat by
activity in abdominal vagal afferents. Eur J Neurosci 1998;
10: 435–444.

43. Khasar SG, Miao FJ, Gear RW, Green PG, Levine JD.
Vagal modulation of Bradykinin-induced mechanical
hyperalgesia in the female rat. J Pain 2003; 4: 278–283.

44. Khasar SG, Reichling DB, Green PG, Isenberg WM,
Levine JD. Fasting is a physiological stimulus of vagus-
mediated enhancement of nociception in the female rat.
Neuroscience 2003; 119: 215–221.

10 Molecular Pain


