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Research Paper

Active role of the central amygdala in widespread
mechanical sensitization in rats with facial
inflammatory pain
Mariko Sugimotoa,b, Yukari Takahashia, Yae K. Sugimuraa, Ryota Tokunagaa, Manami Yajimaa,c, Fusao Katoa,*

Abstract
Widespread or ectopic sensitization is a hallmark symptom of chronic pain, characterized by aberrantly enhanced pain sensitivity in
multiple body regions remote from the site of original injury or inflammation. The central mechanism underlying widespread
sensitization remains unidentified. The central nucleus of the amygdala (also called the central amygdala, CeA) is well situated for this
role because it receives nociceptive information fromdiverse body sites andmodulates pain sensitivity in various body regions. In this
study, we examined the role of the CeA in a novel model of ectopic sensitization of rats. Injection of formalin into the left upper lip
resulted in latent bilateral sensitization in the hind paw lasting .13 days in male Wistar rats. Chemogenetic inhibition of
gamma–aminobutyric acid-ergic neurons or blockade of calcitonin gene-related peptide receptors in the right CeA, but not in the
left, significantly attenuated this sensitization. Furthermore, chemogenetic excitation of gamma-aminobutyric acid-ergic neurons in
the right CeA induced de novo bilateral hind paw sensitization in the rats without inflammation. These results indicate that the CeA
neuronal activity determines hind paw tactile sensitivity in rats with remote inflammatory pain. They also suggest that the hind paw
sensitization used in a large number of preclinical studies might not be simply a sign of the pain at the site of injury but rather a
representation of the augmented CeA activity resulting from inflammation/pain in any part of the body or from activities of other brain
regions, which has an active role of promoting defensive/protective behaviors to avoid further bodily damage.

Keywords: Designer receptor exclusively activated by a designer drug, Clozapine-N-Oxide, VGAT-cre rat, Amygdala
lateralization, Calcitonin gene–related peptide receptor, Adeno-associated virus, GABAergic neurons, von Frey filament test,
Mechanical allodynia, Central sensitization, Latent orofacial formalin model, Latent inflammatory pain

1. Introduction

Widespread or ectopic sensitization is a hallmark symptom of
chronic pain, characterized by aberrantly enhanced pain
sensitivity in multiple body regions remote from the original tissue
damage. For example, patients with temporomandibular disor-
ders exhibit higher sensitivity to tourniquet, pressure, and heat
pain at extracranial body sites, such as the forearm, hand,
anterior tibialis, and epicondyle.16,31,73 Patients with migraine

often show cutaneous allodynia in widespread body regions,
such as the forearm and face.7,10,65 Likewise, in various

preclinical models, aberrantly elevated sensitivity to touch or

thermal stimulation at a body site distinct from the experimental

injury or inflammation has been widely documented. For

example, intraplantar injection of formalin in unilateral hind paw

of rats and mice results in long-lasting mechanical and heat

hyperalgesia at the dorsum of the injected foot and contralateral

noninjected hind paw.4,25,51,75 Reportedly, formalin injection in

the tail facilitates the withdrawal response of the hind paw to heat

stimulation,8,9 and infraorbital nerve injury in rodents results in

tactile allodynia and thermal hyperalgesia in bilateral hind

paws.81,88 Various models of migraine in rodents have shown

potent mechanical sensitization not only in the face/head but also

in the hind paw.11,13,49 Although the mechanisms underlying

these human and experimental animal cases of ectopic and

widespread pain sensitization remain poorly explored, plastic

changes and aberrant activity in the brain network involved in

nociceptive signal processing and control of descending pain

modulation may underlie these reported cases of widespread

sensitization.
The central amygdala (CeA) is a kernel site for the nociceptive

signal processing and control of descending pain modulation.

The nociceptive signals from various regions of the body

conveyed by the trigeminal and spinal nerves converge at the

CeA1,2,69,80 by the lateral parabrachial nucleus (LPB).45,59

Unilateral orofacial inflammation increases the number of c-Fos-

expressing neurons and potentiates LPB-CeA synaptic
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transmission predominantly in the right CeA.56 Recent studies
show chemogenetic, optogenetic, and pharmacological modu-
lation of the excitability of the CeA neurons, particularly those on
the right side, alters the nociceptive sensitivity.72,85 This suggests
that the CeA regulates the nociceptive sensitivity in widespread
regions of the body through divergent descending projections.
These pieces of evidence suggest that peripheral inflammatory
pain activates the CeA neurons, which in turn modulates
sensitivity to nociceptive inputs. In this study, we demonstrate
that chemogenetic inhibition of the gamma-aminobutyric acid
(GABA)-ergic neurons in the right CeA, but not those in the left
CeA, and also blockade of receptors for calcitonin gene–related
peptide (CGRP), a neuropeptide involved in LPB-to-CeA neuro-
modulation,18,46 in the right CeA, attenuates the latent ectopic
mechanical allodynia occurring in the hind paw of a rat with facial
inflammation. In addition, we demonstrate that chemogenetic
excitation of the GABAergic neurons in the right CeA induces de
novo mechanical sensitization in the bilateral hind limbs of a naı̈ve
rat. These results indicate that the right CeA is the kernel site for
ectopic/widespread sensitization both in the presence and
absence of primary causes, including tissue damage, inflamma-
tion, and noxious stimulation.

2. Materials and methods

2.1. Ethical statement

The manipulation of rats was in accordance with the Guidelines
for the Proper Conduct of Animal Experiments of the Science
Council of Japan (2006) and was in accordance with International
Association of the Study of Pain guidelines. All the experiments
were approved by the Institutional Animal Care and Use
Committee of Jikei University (2015-008; 2016-066).

2.2. Animals

The animals in all experiments were always housed in individually
ventilated cages with 2 to 3 rats/cage, with free access to food
and water and placed in a temperature/humidity-controlled room
with a light/dark cycle (7:00-19:00, white light; 19:00-7:00, red
light). The floor of this home cage was covered with conventional
soft animal floor bedding (Alpha-dri, EP Trading, Tokyo, Japan).
The following 2 strains of rats were used: (1) Wistar/ST rats (Slc:
Wistar/ST; Japan SLC, Inc, Shizuoka, Japan; referred to as
Wistar rats hereafter) and (2) vesicular GABA transporter-cre BAC
transgenic rats (referred to as VGAT-cre rats hereafter). The
VGAT-cre rats were developed by the authors36 and deposited to
the National BioResource Project—Rat, Kyoto University (Kyoto,
Japan; Rat ID, No.0839; W-Tg(Slc321-cre)3_5Fusa. VGAT-cre rats
were of Wistar strain origin (Crlj:WI; Charles River Laboratories
Japan, Inc) and were bred and raised in the Laboratory Animal
Facility of Jikei University under the same conditions as described
above. Information as to genotyping methods is available on
request to the National BioResource Project. Only male rats were
used in this study to minimize the influence of hormonal variation.

2.3. Experimental protocols

The following 4 sets of experiments (experiments 1–4) were
performed: (1) Experiment 1: effect of upper lip formalin injection
on bilateral 50%-estimate of the paw withdrawal threshold
(PWT50) in Wistar rats. (2) Experiment 2: effect of activating
hM4Di receptors (an inhibitory Designer Receptor Exclusively
Activated by a Designer Drug [DREADD]) in brain slices and in vivo

in VGAT-cre rats. (3) Experiment 3: effect of activating hM3Dq
receptors (an excitatory DREADD) in brain slices and in vivo in
VGAT-cre rats. (4) Experiment 4: effect of intra-amygdala
administration of CGRP receptor antagonist in Wistar rats. The
Wistar rats weighed 200 to 300 g when they were transported to
the Laboratory Animal Facility of the Jikei University and were
raised in the same facility as described above until the use
(weight, 400–500 g at the day of behavior observation; 277-289 g
for the experiments with long-term (.3 weeks) observation). The
details of each manipulation are described below.

2.4. Adeno-associated virus vector microinjection into the
CeA of VGAT-cre rats

VGAT-cre rats (5-9-weeks old; 145-434 g at the day of
microinjection) were used for cre recombinase-dependent
expression of exogenous molecules in the CeA and subsequent
DREADD activation experiments (experiment 2 and 3). Rats were
anesthetized with isoflurane (1%-2% in 100%O2), and their head
was fixed to a stereotaxic frame (Narishige, Tokyo, Japan). Under
topical infiltration of ropivacaine (0.75%, 0.3mL; Anapeine, aspen
JAPAN, Japan) into the scalp, an incision was made to expose
the skull surface. A small hole was drilled in the skull, and the
underlying dura was removed. Using a 2-mL Hamilton syringe
with a 30-gauge needle (65459-01; Neuros Syringe; Hamilton
Company, Reno, NV), 0.7 mL virus suspension containing an
adeno-associated virus (AAV) (serotype 5) encoding one of the
following 3 different constructs was delivered into bilateral or
unilateral CeA: (1) AAV-hSyn-DIO-hM4Di-mCherry, (2) AAV-
hSyn-DIO-hM3Dq-mCherry, and (3) AAV-hSyn-DIO-mCherry
(UNC Gene Therapy Center Vector Core, Chapel Hill, NC). The
injection was administered at a rate of 50 nL/min controlled with a
microsyringe pump (UltraMicroPump II with SYS-Micro4 Con-
troller, UMP2, UMC4, World Precision Instruments, Sarasota,
FL). The injection syringes were allowed to remain in place for an
additional 10 minutes to allow for virus diffusion before
withdrawal.74,79 The solution also contained 0.095% fluorescent
microspheres (FluoSpheres; 0.02 mm, blue 365/415; Life
Technologies, Waltham, MA) for postexperiment certification of
the injection sites (see below). The stereotaxic coordinate for this
injection was 1.9 to 2.3 mm caudal to the bregma, 3.8 to 4.2 mm
lateral to the midline, and 7.5 to 8.2 mm ventral to the dorsal brain
surface, which was empirically adjusted according to the size and
age of the rat. For ex-vivo verification of the functional DREADD
expression, 2 rats were injected with a 0.5-mL solution containing
an AAV-hSyn-DIO-hM4Di-mCherry virus (experiment 2) into the
right (n 5 1) and left (n 5 1) CeA, and 3 rats were injected with a
0.7-mL solution of AAV-hSyn-DIO-hM3Dq-mCherry virus (exper-
iment 3) to the right (n 5 2) or bilateral (n 5 1) CeA, respectively.
After completion of the injection procedure, the skin was sutured
with 4-0 silk threads, and the rats were placed in their home
cages. In these VGAT-cre rats, 1 week after the AAV vector
microinjection, daily acclimation was started for 2 weeks, and
formalin or saline was administered to the upper lip 3 weeks after
the microinjection.

2.5. Implantation of guide cannula for intra-amygdalar
application of calcitonin gene–related peptide receptor
antagonist in Wistar rats

A week before the upper lip injection experiments, the brain of a
Wistar rat was exposed in the same manner as with the AAV
vector microinjection described above under isoflurane anesthe-
sia. A stainless guide cannula (8-mm long, 26-gauge; Model
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C315G, Plastics One, P1 Technologies, Roanoke, VA) was slowly
implanted into either one of the right, left or bilateral CeA, using a
micromanipulator (the coordinates were 2.2-2.4 mm caudal to
the bregma, 4.1-4.2 mm lateral to the midline, and 7.0-7.5 mm
below the brain surface) (experiment 4). For the placement control
experiments, the guide cannula (5-mm long) was implanted into
the bilateral striatum (2.2-2.6 mm caudal to the bregma, 4.6-
4.8 mm lateral to the midline, and 4.3-4.5 mm below the brain
surface). The guide cannula was fixed to the skull using dental
acrylic cement covering 4 microscrews inserted into the skull.
Stylets 8-mm (for the CeA-targeting cannulas) or 5-mm (for the
striatum-targeting ones) in length were inserted into the guide
cannula to prevent clogging until immediately before the drug
application.74 The rats were allowed to recover for 5 days in the
home cage before recording the “baseline” PWT50measurement
(see below), which was made a day before the upper lip formalin
injection.

2.6. Evaluation of PWT50 (von Frey test)

From 2 weeks before the day of the upper-lip formalin injection
experiments, the ratswere habituated in the allodynia observation
chamber (25 cm 3 25 cm, mesh floored) for 1 hour every day
under red ambient illumination. The PWT50 of the bilateral hind
pawswas evaluated in the same chamber after acclimation for 30
minutes. A calibrated series of von Frey filaments (0.4 g–15 g;
North Coast Medical, Inc, Gilroy, CA) was applied to the plantar
aspect of the hind paws from underneath the mesh floor. The
withdrawal response was judged by one of the experimenters
without explicit knowledge of the animal number and treatment
type, to evaluate the 50% response threshold with the up-and-
down method.19 The evaluators were blinded to the type of the
injected AAV (experiment 2 and 3) and were semiblinded to the
type of solution injected to the upper lip (see below for upper lip
formalin injections) and presence of facial swelling by putting the
chamber in a dark roomwithminimal light to observe the hind limb
movement (in all von Frey filament tests). Because of this dark
roomandminimal light, the experimenter could not see the face of
the rats. However, if one dared to see the face, one can guess
whether the rat has swelling on the cheek under dim light, which
we tried not to do so. This is why it is described that it was
performed in a semiblinded manner.

For experiments 2, 3, and 4, the PWT50 measured 1 day
before the formalin or saline injection was used as a “baseline”
value. In experiment 1, in which only the formalin effect was
observed, the PWT50 evaluated at 1 week before the injection
was used as the “baseline” value. The details of the timing of
PWT50 measurements are described in the schema in each
figure describing the results.

2.7. Orofacial inflammatory pain and evaluation of acute
nocifensive behaviors

In each experimental session, the rats were assigned to either
formalin or saline injection group according to their “baseline”
PWT50 values to equalize their means as much as possible.
Otherwise, a random block design was applied. After acclima-
tization for;30minutes in an acrylic observation chamber (17 cm
3 17 cm3 35 cm) with 3 mirrors to video-capture rat behaviors,
50 mL of 5% formalin solution (Nacalai Tesque Inc, Kyoto, Japan)
or an equal volume of saline was injected into the left upper lip of
the rat (the upper lip), just lateral to the nose, using a 0.3-mL
syringe with a 30-gauge needle (Becton, Dickinson and
Company, Franklin Lakes, NJ), and the acute nociceptive

behaviors20,21,68 of the rat were video-recorded with a PC for
60 minutes with a web camera (Logicool HD Webcam C525,
Logicool Co, Tokyo, Japan). During injection, the rats were held
softly with a towel, to which theywere acclimatized every day for 1
to 2 weeks during the habituation period, which made
anesthetics unnecessary. The duration of time spent in face
rubbing behavior was measured postexperimentally by evalua-
tion of the video playback by an evaluator blinded to the rat group.
The observation chamber did not have food or water supply.

2.8. Ex-vivo verification of the designer receptor exclusively
activated by a designer drug expression (experiments 2
and 3)

2.8.1. Slice preparation for electrophysiological recordings

At 5 to 8 weeks after virus injection, brain slices were prepared for
electrophysiological recordings according to previously de-
scribed procedures from our laboratory.79 This timing was
somewhat later than the behavioral tests, simply because of the
availability of the rat for electrophysiology, and we did not find any
difference in responses to clozapine N-oxide (CNO) reported
below and fluorescence expression in the slices made at later
stages. The rats were first perfused transcardially with an ice-cold
cutting solution under isoflurane anesthesia (5% in 100%O2), and
the brain was removed. A block of the forebrain containing the
amygdala was dissected out and cut at the midline in the ice-cold
cutting solution composed of (in mM) 2.5 KCl, 0.5 CaCl2, 10
MgSO4, 1.25 NaH2PO4, 2 thiourea, 3 sodium pyruvate, 93 N-
methyl-D-glucamine, 20 HEPES, 12 N-acetyl-L-cysteine, 25 D-
glucose, 5 L-ascorbic acid, and 30 NaHCO3 equilibrated with
95%O21 5%CO2 (osmolarity, approximately 290mOsm/kg; pH
of the solution was titrated to 7.1-7.5 with concentrated HCl). The
dissected hemisphere containing the amygdala was secured on
the cutting stage of a vibrating blade slicer (PRO 7; Dosaka EM,
Kyoto, Japan) with the rostral end upward to cut coronal slices.
The dissected hemisphere was immediately embedded in a 37˚C
agarose solution (1.6%; Sigma-Aldrich, Missouri, MO), whichwas
solidified by immediate cooling by covering it with the ice-cold
cutting solution, and brain slices of 300-mm thickness were
prepared. The slices were first incubated in a holding chamber
with a constant flow of cutting solution at 34˚C for 15 minutes.
After this initial recovery period, the slices were transferred to
another holding chamber containing artificial cerebrospinal fluid
(ACSF) composed of (in mM) 119 NaCl, 2.5 KCl, 2 CaCl2, 2
MgSO4, 1.25 NaH2PO4, 12.5 D-glucose, 5 L-ascorbic acid, 2
thiourea, 3 sodium pyruvate, and 26 NaHCO3 (pH approximately
7.3, bubbled with 95% O2 1 5% CO2; osmolality, approximately
300-310 mOsm/kg H2O) at room temperature (20-25˚C) until
electrophysiological recording. Each slice was transferred to a
recording chamber (volume, approximately 0.4mL) and fixedwith
nylon grids attached to a platinum frame. The slice was
submerged in the chamber and superfused continuously at a
rate of 1.8 to 3 mL/min with the ACSF described above.

2.8.2. Patch-clamp recordings in the CeA

Neurons in the CeA were identified visually under an upright
microscope (BX-51WI; Olympus, Tokyo, Japan) with oblique
illumination. Images from living slices during electrophysiological
recordings were captured using a CCD camera (IR-1000; DAGE-
MTI, Michigan City, IN) and stored digitally on a computer. Patch-
clamp electrodes were made from borosilicate glass pipettes
(1B120F-4; World Precision Instruments, Sarasota, FL). The tip
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resistance of the electrodewas 5 to 8MV. The composition of the
internal solution was (in mM) 120 potassium gluconate, 6 NaCl, 1
CaCl2, 2MgCl2, 2 ATPMg, 0.5GTPNa, 12 phosphocreatine Na2,
5 EGTA, and 10 HEPES hemisodium (pH 7.3 as adjusted with
KOH; osmolarity, approximately 290 mOsm/kg). Whole-cell
membrane potentials of transduced neurons (identified by
mCherry fluorescence) were recorded using an Axopatch 700B
amplifier (Molecular Devices, San Jose, CA), filtered at 2 kHz, and
digitized at 10 kHz with 16-bit resolution using a PowerLab
interface (AD Instruments, Dunedin, New Zealand). Input re-
sistance, resting membrane potential, and whole-cell capaci-
tance were measured immediately after the establishment of
whole-cell mode by membrane rupture. The resting membrane
potential was recorded (in current-clamp mode) in normal ACSF
for 5 minutes before the addition of 5 mM CNO (Enzo Life
Sciences Inc, Farmingdale, NY) for 3 minutes. Stock solutions of
CNO were dissolved in water, kept frozen at 230˚C, and then
dissolved in ACSF to their final concentration on the day of the
experiment. A rectangular hyperpolarizing pulse (100-300 ms,2
20 pA) followed by a depolarizing pulse (500 ms, 100-120 pA)
was injected every 10 seconds to observe electroresponsive
properties of the neurons. All recordings were made at room
temperature (20-25˚C). Oblique illumination and epifluorescence
images were captured using the same camera and were overlaid
in Photoshop software (ver. 5.5; Adobe, San Jose, CA) with
modification of the brightness and contrast alone.

2.9. In vivo clozapine N-oxide injection

Chemogenetic stimulation of the DREADD was conducted by
intraperitoneal administration of CNO (3 mg/ml/kg), which was
dissolved in normal saline immediately before administration,
using 1 mL syringe and 27-gauge needle. The von Frey filament
tests were repeated 15minutes before and 45minutes after each
CNO administration considering the 30-min acclimation time to
the test cage and reported time course of CNO effects in
rodents.33,70,71 Because of the possible off-target effects on
endogenous receptors of CNO directly or after beingmetabolized
to clozapine,29 we did not compare CNO effects to those of
vehicle in this study, but comparisons of the effect of DREADD
activation were always made between rats with DREADD-
expression and mCherry expression.53 By doing so, we carefully
avoided the influence of the effect of clozapine not mediated by
DREADDs activation.

2.10. In vivo calcitonin gene–related peptide receptor
antagonist injection into the CeA

Calcitonin gene–related peptide8-37 experiments (experiment 4). A
CGRP1 receptor antagonist, calcitonin gene–related peptide
fragment 8 to 37 (human CGRP8-37, Phoenix Pharmaceuticals Inc,
Burlingame, CA), was dissolved in normal saline at 1.8 mg/mL and
frozen at230˚C until the day of infusion. Just before use, we added
fluorescent microspheres (FluoSpheres; 0.02 mm, red 580/605; Life
Technologies) to the solution at a concentration of 0.2%. A solution
containing CGRP8-37,

48,76,87 was infused through a 32-gauge
injection cannula (Model C315I, Plastics One, P1 Technologies),
with its tip extending beyond the end of the guide cannula (C315GA,
Plastics One, P1 Technologies) by 2 mm. The other end was
connected to a 10-mLmicrosyringe (Hamilton Company, Reno, NV)
by a polyethylene tubing. On the drug infusion, a rat was gently held
in the hand of a blinded experimenter without anesthesia, and the
solutionwas injected at a rate of 0.25mL/min using an infusion pump
(KDS 200, KD Scientific, Holliston, MA) to achieve the final injected

volume of 0.5mL/side (900 ng/side). The injection cannulawas left in
place for an additional 2minutesafter injectionof the0.5-mL solution.
The control solution did not contain CGRP8-37.

2.11. Histological verification of the injection site, transfected
molecule expression, and cannula placement

After the last behavioral experiment, the rats were given sodium
pentobarbital (100 mg/kg, i.p.; Somnopentyl, Kyoritsuseiyaku
Corporation, Tokyo, Japan) and immediately perfused intracardially
with ice-cold 200 mL phosphate buffered saline (PBS) followed by
250 mL of 4% paraformaldehyde in 0.1 M phosphate buffer. The
brains were removed and immersed in 20% (wt/vol) sucrose in PBS
for 1 to 2 days. Then, they were frozen sectioned into 25-mm
(experiments 2 and 3), or 50-mm (experiment 4) coronal slices using
a cryostat (CM1850, Leica Biosystems, Tokyo, Japan), placed on
slide glasses (Matsunami Glass Ind, Ltd, Osaka, Japan), every
200 mm (experiment 2, 3), or 50 mm (experiment 4), and
coverslipped. In experiments 2 and 3, the fluorescence of mCherry
and microspheres in the CeA were visualized by a fluorescence
microscope (BX-63; Olympus, Tokyo, Japan). Somatic expression
of mCherry fluorescence (for experiment 2) and fluorescence of
FluoSphere (for experiment 3) were visually confirmed after
registration of the slice to the Paxinos and Watson atlas64 using
PowerPoint, and the border of fluorescence signal was drawnon the
atlas of corresponding brain levels.

2.12. Multiplex fluorescent in situ hybridization

To examine the expression of cre-recombinase with markers for
glutamatergic and GABAergic neurons, we performed multiplex
fluorescent in situ hybridization using RNAscope Fluorescent
Multiplex Assay (Cat No. 320850, advanced cell diagnostics
[ACD], Newark, CA; Medical and Biological Laboratory, Nagoya,
Japan). Sections were processed according to the protocol
provided by themanufacturer. In brief, the fresh frozen sections of
16-mm thickness were attached on glass slides, dried, and kept
at 280˚C until the day of in situ hybridization. On the day of
reaction, the sections were fixed in ice-cold 10% normal buffered
formalin for 15 minutes at 4˚C. Then they were dehydrated for 5
minutes each at room temperature with increasing concentra-
tions of ethanol (50%, 70%, and 100%) and were air dried. The
sections were pretreated with double diluted protease III for 30
minutes at room temperature. After washing in PBS, the
RNAscope probes, Rn-slc17a7 (317,001, ACD Inc.), Rn-
slc32a1-C3 (424541-C3, ACD Inc.), and CRE-C2 (312281-C2,
ACD Inc.), for detecting mRNAs for vesicular glutamate trans-
porter 1 (VGLUT1), VGAT, Cre recombinase, respectively, and
were applied on the sections and incubated for 120 minutes at
40˚C. The signals were amplified using a hybridization oven
according to themanufacturer’s instructions. After the final wash,
sections were stained with DAPI and mounted with Aqua-poly
Mount medium (Polysciences, Warrington, PA) and were
visualized with a confocal microscope (FV1200, Olympus, Tokyo,
Japan) to visualize mRNA expression of VGAT, VGLUT1, and cre
recombinase in the CeA.

2.13. Data and statistical analysis

The statistical comparisons were performed using SPSS 23
(IBM, Tokyo, Japan) or R with its interpreter EZR com-
mander.44 Values are expressed as the mean 6 SEM. We
made statistical comparisons according to the following
principles. (1) Time-dependent changes in the values of the 2
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groups. First, 2-way repeated-measures analysis of variance
(ANOVA) using time and treatment (formalin and saline
orofacial injections) was used to test if the values differ
statistically depending on time and treatment and interaction
between time and treatment. Then, post-hoc tests were
performed to examine if the values differed statistically
between treatments at each time point using Student’s t-test
in cases where the values at each point were governed by
normal distribution or using the Mann–Whitney U test if the
values do not follow a normal distribution. (2) Time-dependent
changes in the values from more than 3 groups. First, 2-way
repeated-measures ANOVA using time and treatment (forma-
lin and saline orofacial injections in left and right paw
measurements [ie, 4 groups]) was used to test if the values
differ statistically depending on time and treatment and if there
was an interaction between time and treatment. Then, post-
hoc tests were performed using Gabriel Multiple Comparison
test to examine whether the values significantly differ between
groups at each time point and using Dunnett’s test to examine
if the values significantly varied from the baseline (ie, the values
before treatment, the values after the initial treatment but
before the following treatments, or both). (3) Comparisons
between multiple groups with different treatments (formalin or
saline for orofacial injection) and distinct DREADD vector
(hM4Di, hM3Dq, and mCherry) injection into the CeA. First, we
performed 2-way repeated-measures ANOVA to examine the
effects of formalin injection and the effects of type of the
DREADD vector and their interaction. Then we performed a
post-hoc Gabriel test to examine if the values differ significantly
between values of all combinations of formalin/saline and
types of DREADD vectors at each time point. Finally, we used
Dunnett’s test to examine if the values significantly varied from
the baseline in each treatment group (ie, the values before
treatment (baseline) and the values before CNO administration
were used as “control”). Only the results of scientifically
meaningful comparisons are reported in the figures, but all
possible comparisons were reported in Table 1 (available at
http://links.lww.com/PAIN/B291). (4) Comparisons between
multiple groups with different treatments (formalin or saline for
orofacial injection) and distinct intracerebral injections of
CGRP receptor antagonist or vehicle (vehicle or CGRP8-37

into the CeA or CGRP8-37 into the striatum). Comparisons were
made in the same manners as in the case (3), but the post-hoc
between-group comparisons at each time point were made
with the Gabriel test (when there are more than 3 groups) or
Mann–Whitney U test (for 2 groups), if any of the values did not
satisfy the prerequisite of unpaired Student’s t-test. (5)
Comparisons of the values from the same neurons obtained
before and after treatment (CNO application). We tested if the
treatment significantly affected the values using the Student’s
paired t test. The results of the statistical tests were displayed
in the figures, and the supplement table in detail (Table 1,
available at http://links.lww.com/PAIN/B291). The necessary
sample size for each comparison was estimated using the
“sample mean” function of R with the previously obtained
mean values and standard deviation with detection level at
alpha 5 0.01. This estimation gave approximately n 5 9 for
each group. The membrane potential and number of action
potentials were measured and analyzed with Igor Pro 7
(WaveMetrics, Portland, OR) using procedures written by
F.K. The details of the statistical tests are described in each
figure legends. All graphs were made with Igor Pro 7.
Differences with a probability (P) value smaller than 0.05 were
considered significant.

3. Results

3.1. Mechanical hypersensitivity of the bilateral hind limb in
the facial formalin model

In experiment 1, we first evaluated the baseline PWT50with a von
Frey filament test and, a week later, injected formalin solution to
the subcutaneous tissue of the left upper lip (Fig. 1A). In
agreement with already published studies using this orofacial
formalin model,56 the rats showed the “face rubbing” nocifensive
behavior starting immediately after the injection, and this behavior
lasted for;45minutes and faded awaywithin 1 hour in all animals
(Fig. 1B). The rats that received saline injection instead of formalin
did not show such rubbing behavior (Fig. 1B).

It has been reported that an intraplantar formalin injection
causes not only acute nocifensive behavior but also symptoms
of long-lasting inflammation and neuropathic pain-like behav-
ior starting at a few hours and lasting for a few weeks after the
injection.15,25–27,82,84,86 As this manifestation of latent symp-
toms could be considered to be a state comparable with the
early stage of transition from acute to chronic pain, we
examined if these rats showed a typical symptom of chronic
pain, that is, ectopic sensitization.11,62,88 In the rats with
robust signs of rubbing behavior in the first 1 hour after upper
lip formalin injection, we measured the PWT50 of the hind limb
on both sides from 90 minutes postformalin injection up to 3
days (Figs. 1A and C). These formalin-injected rats showed a
drastic and significant decrease in the PWT50 in bilateral hind
limbs, which lasted up to our last measurement at 72 hours
postinjection (Fig. 1C). Although there was a tendency of
recovery in the right hind limb at 72 hours, the PWT50 was
significantly lower than that at the baseline value, and that
observed in the saline-injected rats (Fig. 1C) in both hind limbs
at any time point of analysis (1.5-72 hours post-injection). This
inflammation did not result in a significant time-dependent and
a treatment-dependent difference in the body weight (Fig. S1,
available at http://links.lww.com/PAIN/B292), suggesting that
its influence on the feeding behaviors is, if any, limited at least
within 3 days.

All rats receiving formalin injection showed reddish swelling
around the site of formalin injection, but not on the other side,
peaking at 25 hours and lasted till 73 hours after the injection (Fig.
1D), suggesting a sustained inflammation at the site of injection.
This bilateral mechanical allodynia in the hind limb lasting for. 3
days after upper lip formalin injection was taken as a sign of
ectopic sensitization appearing at a remote site from the primary
inflammation. In another set of rats, we measured the PWT to 23
days after formalin injection and found a significant saline-to-
formalin difference in either paw until 13 days postformalin
(Fig. S2, available at http://links.lww.com/PAIN/B292), suggest-
ing that this ectopic sensitization lasts long after the initial acute
inflammatory responses.

3.2. Activation of inhibitory designer receptor exclusively
activated by designer drugs in the CeA by clozapine N-oxide
attenuates ectopic sensitization in the rats with orofacial
inflammation and activation of excitatory ones induced
mechanical hypersensitivity in noninflamed rats

It is highly likely that central mechanisms underlie this ectopic
sensitization in the hind limb after orofacial inflammation.We have
already demonstrated that the same manipulation of upper lip
formalin injection results in robust synaptic potentiation and
augmented c-Fos expression predominantly in the right CeA.56

Based on this observation, we hypothesized that the increased
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excitation of the CeA neurons might underlie this ectopic
sensitization. To directly examine this, we used DREADD
technology by prior transfection of AAV into the CeA of VGAT-
cre rats, to limit the expression of DREADDmolecules to the CeA
neurons, most of which are GABAergic. First, we divided the
VGAT-cre rats into 3 groups according to the type of AAV vector
to be injected into the CeA: AAVs for the expression of hM4Di-
mCherry, hM3Dq-mCherry, and mCherry alone. Next, the rats
belonging to each of these 3 groups were randomly assigned to 3
subgroups: injection into the bilateral CeA, right CeA, and left
CeA. Finally, the rats were further divided into 2 subgroups by the
type of upper lip injection: formalin or saline. The experimental
protocol and the timings of each manipulation are shown in
Figure 2A together with the symbol color assignment for the type
of AAV vectors transfected and type of drug injected to the upper
lip (the box in the right of Fig. 2A). Here, we will describe the data
for the formalin-injected group (Fig. 2B) and then those for the
saline-injected group (Fig. 2C), the experiments for which were
made in parallel. In describing the data from rats expressing
inhibitory (hM4Di) or excitatory DREADDs (hM3Dq) in the CeA
(represented with blue and orange circles, respectively, in Fig. 2),
the data from rats receiving mCherry-expressing AAV (magenta
circles) were used as the control group. These data are compared
first using 2-way repeated ANOVA (time and groups) followed by
post-hoc analyses with the Gabriel test for between-groups
comparison and Dunnett’s test for the testing changes from the
baseline (224 hours) and changes from the pre-CNO values (first
and second administration) in each group.

The rats receiving formalin injection showed a robust and
significant decrease in the PWT50 of both right and left hind
paws, a clear sign of ectopic hypersensitivity (all filled circles at
“5 hours” in Fig. 2B) at 5 hours after the injection. In-
traperitoneal injection of CNO (3 mg/kg) administered at 5.25
hours after the formalin injection significantly increased this
lowered PWT50 at 6 hours (ie, 45 minutes after the CNO
administration) in the rats expressing hM4Di in the bilateral
(blue-filled circles in Fig. 2B1) and right (Fig. 2B2) CeA, but not
in those expressing hM4Di in the left CeA (blue-filled circles in
Fig. 2B3). Clozapine N-oxide administered for the second time
at 24.25 hours postformalin injection, at which the PWT50 had
almost returned to the pre-CNO value measured at 5 hours,
again resulted in a significant increase in the threshold of the
bilateral hind paws at 25 hours in rats with hM4Di-expression in
the bilateral or right CeA (blue-filled circles Figs. 2B1 and B2).
Despite these significant increases in PWT50 by CNO from the
value lowered by formalin injection at 5.25 hours and 24.25
hours postformalin in the rats expressing hM4Di, the PWT50
measured 45 minutes after CNO injection was still significantly
smaller than the baseline value measured at 1 day before the
formalin injection (Dunnett’s test; Figs. 2B1 and B2),
suggesting excitation of CeA neurons with CNO in the
hM4Di-expressing rats increases PWT50 lowered by formalin,
whereas this effect is not effective enough to recover the
hypersensitivity completely. Again, CNO did not significantly
affect the PWT50 of the rats with left CeA expression of hM4Di
(Fig. 2B3). These CNO effects were not apparent or below the
significance level in the rats injected with AAV for hM3Dq
expression in formalin-treated rats (orange circles in Fig. 2B).
These results indicate that selective suppression of right or
bilateral CeA neuronal excitability attenuates ectopic mechan-
ical allodynia. CNO injection to these rats with upper-lip
formalin inflammation did not further decrease the PWT50
(Figs. 2B1, B2, and B3, filled orange circles), suggesting that
the effect of exciting the CeA neurons, particularly those in the

Figure 1. Nocifensive behaviors induced by formalin injection into the left
upper lip. (A) Experimental procedure (experiment 1). “vF” with arrowheads,
von Frey filament tests to hind paws. Video recording was performed for 60
minutes after upper lip formalin/saline injection in all behavioral experiments.
(B) Summary of the time course of spontaneous nocifensive behavior (face
rubbing) after an injection of 5% formalin (filled) or saline (open) to the left upper
lip. The total time spent exhibiting nocifensive behavior within every 3-minute
window is pooled. The markers placed in the middle of 2 x-axis ticks (eg, t 5
0 and t5 3) represent the total sum within this 3-minute period. *P, 0.05, **P
, 0.01, and ***P , 0.001 between formalin-injected and saline-injected
groups; Mann–Whitney’sU test; n5 8 per group (detailed statistical results are
shown in Table 1, available at http://links.lww.com/PAIN/B291). (C) Mechan-
ical PWT50 of the hind paws after upper lip injection of formalin/saline. **P ,
0.01, ***P , 0.001 between PWT50 of the right hind paw of formalin (filled
circle)-injected and saline (open circle)-injected groups, or between PWT50 of
the left hind paw of formalin (filled square)-injected and saline (open square)-
injected groups; Gabriel’s test. 1P , 0.05, 11P , 0.01, 111P , 0.001,
PWT50 of each hind paw after upper lip formalin injection compared with that
of baseline; n 5 8 per group (detailed statistical results are shown in Table 1,
available at http://links.lww.com/PAIN/B291). (D) Typical example of swelling
at the formalin/saline-injected site (left upper lip [right side of each
photograph]). Yellow arrowheads indicate the area of swelling.
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right CeA, was occluded by prior inflammatory pain. This result
further supports the notion that facial inflammation caused
mechanical hypersensitivity in bilateral hind limbs primarily
through exciting right CeA neurons.

The results in the rats with formalin injection shown in
Figure 2B indicate that the right CeA regulates the intensity of

mechanosensitivity in remote limbs in the rats with orofacial
inflammation. One of the interpretations of this result is that the
sustained neuronal activities in the right CeA, resulting from
inflammatory inputs through parabrachio–amygdaloid path-
ways,56 increase the spinal input gain to mechanosensation,
which causes ectopic hypersensitivity. If this is the case, it could

Figure 2.Effect of chemogenetic inhibition and activation of theCeAGABAergic neurons on themechanical withdrawal threshold of the hind paw. (A) Experimental
procedure (experiment 2 and 3). Gray rectangle shows the period of video recording for postexperiment confirmation of nocifensive behaviors. All rats receiving
formalin showed typical face rubbing, as shown in Fig. 1. Each rat received intraperitoneal injections of CNO at 5.25 hours and 24.25 hours after formalin or saline
injection to the upper lip. (B and C) Summary of mechanical PWT50 in the formalin (B)-injected/saline (C)- injected rats expressing hM4Di-mCherry (“hM4Di” in Fig.
2), hM3Dq-mCherry (“hM3Dq” in Fig. 2), or mCherry (“mCherry” in B) in the bilateral (B1 and C1), right (B2 and C2), or left (B3 and C3) CeA. A legend of markers for
B, C, and D is the right of A; magenta, blue, and orange circles indicate mCherry, hM4Di, and hM3Dq, respectively, and filled and open circles indicate formalin-
injected/saline-injected rats, respectively. Right and left graphs in each panel are PWT50 seconds for left and right hind paws, respectively. A 2-way repeated
measures ANOVA is performed to examine the effect of 2 factors (5 time points and 6 treatment-paw combinations) on PWT50. The differences in PWT50 between
each time points were analyzed by the Dunnett test, aP, 0.05, bP, 0.01, and cP, 0.001 for the comparison with baseline, dP, 0.05, eP, 0.01, and fP, 0.001
for the comparison between pre-CNO and post-CNO injection. The colors of alphabet of statistical results indicate to which group the significant difference
attribute. The difference in PWT50 between 6 groups at each time point was analyzed by Gabriel’s test, **P , 0.01, ***P , 0.001. Orange and blue stars in the
graphs indicate the difference of hM3Dq-saline vsmCherry-saline and hM4Di-formalin vsmCherry-formalin, respectively. See Table 1, available at http://links.lww.
com/PAIN/B291 for detailed statistical results. The numbers of rats are 10 (hM4Di-formalin), 6 (hM4Di-saline), 8 (hM3Dq-formalin), 7 (hM3Dq-saline), 9 (mCherry-
formalin), and 10 (mCherry-saline) for B1 and C1; 9 (hM4Di-formalin), 10 (hM4Di-saline), 10 (hM3Dq-formalin), 6 (hM3Dq-saline), 10 (mCherry-formalin), and 9
(mCherry-saline) for B2 and C2; 11 (hM4Di-formalin), 11 (hM4Di-saline), 10 (hM3Dq-formalin), 11 (hM3Dq-saline), 11 (mCherry-formalin), and 10 (mCherry-saline)
for B3 andC3. (D) Histological identification of the injection sites of AAV solutions in theCeA. Each circle indicates the tip of the injection in the diagrams of 3 coronal
sections,21.92 mm, 22.40 mm, and 22.92 mm from the bregma. Magenta-filled circles, mCherry-formalin; magenta-open circles, mCherry-saline; blue-filled
circles, hM4Di-formalin; blue-open circles, hM4Di-saline; orange-filled circles, hM3Dq-formalin; orange-open circles, hM3Dq-saline. The distribution of mCherry-
expression is shown in Fig. S5 (available at http://links.lww.com/PAIN/B292). CNO, clozapine N-oxide.
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be expected that selective artificial excitation of the CeA neurons
would cause mechanical hypersensitivity in the hind limbs.

To directly examine this hypothesis, we compared the effects
of CNO in rats expressing hM3Dq, hM4Di, and mCherry after
saline injection (Fig. 2C). Unlike significant andmanifest decrease
in PWT50 after facial formalin injection in all groups (Fig. 2B), the
saline injection did not affect PWT50 regardless of the type and
side of AAV transfection (Fig. 2C). In the rats without in-
flammation, an injection of CNO significantly decreased the
PWT50 of bilateral hind limbs in rats with hM3Dq expression in the
bilateral or right CeA (open orange circles in Figs. 2C1 and C2).
This significant reduction in the threshold by CNO injection was
repeatedly observed at the second injection made at 19 hours
after the first injection (orange-open circles at 25 hours in Figs.
2C1 and C2). Such reduction in PWT50 in saline-treated rats did
not occur in the rats expressing hM4Di or mCherry in the bilateral
(Fig. 2C1) or right (Fig. 2C2) CeA. By contrast, the rats with the
left CeA transfection did not show such a marked change in the
PWT50 by CNO injection (orange open circles in Fig. 2C3). As a
whole, these results support the notion that activation of neurons
in the right CeA is sufficient to induce mechanical hypersensitivity
in the hind limb, even in the absence of facial inflammation.

In this series of experiments shown in Figure 2, we used the
response toCNO in the rats expressingmCherry in theCeA as the
control to the DREADD activation.53 However, in a part of the
experiments, we observed slight but significant changes in
PWT50 in rats expressing mCherry (magenta-filled circle in the
left hind paw at 25 hours in Fig. 2B1 and magenta open circle in
the left hind paw at 25 hours in Fig. 2C3). Although not
significantly, CNO markedly shifted PWT50 in the right hind
paw at 6 hours in mCherry-expressing formalin-injected rats
(magenta-filled circle Fig. 2B1). In addition, we occasionally
observed unexpected nonsignificant shifts in PWT50 by CNO
regardless of the type of AAV vector injected in both formalin-
injected and saline-injected groups (eg, Fig. 2B3, right hind paw;
Fig. 2C3, right and left hind paw, at 6 and 25 hours). However,
such CNO effects were not consistently observed in other CNO
administration cases than listed here. In most cases, changes in
PWT50 by CNO were negligibly small and not significant
(magenta-filled and open circles in Figs. 2B and C; statistical
results of Dunnett’s test for these nonsignificant cases are shown
in Table 1, available at http://links.lww.com/PAIN/B291). One of
the possible mechanisms underlying these unexpected effects of
CNO would be the “off-target” effects of CNO, which are known
to depend on the metabolic rate of CNO to clozapine54 and the
stress state of the animals.55 The exact reason why such off-
target CNO effects were observed in particular experimental
cases remains undetermined.

The expression of Venus fluorescence in rats produced by
crossing ROSA26/CAG-floxed STOP-ChRFR (C167A)-Venus
BAC rat and the same line of VGAT Cre rat as used in this study
is limited to GABAergic cells in broad regions of the brain and
indeed overlap with GABA immunoreactivity.36 Soma et al. also
confirmed the coexpression of Cre-dependent tdTomato in the
same VGAT-cre rats and GABA immunoreactivity in the motor
cortex.78 In this study, we demonstrated that Cre recombinase
expression is limited to the GABAergic cells in the amygdala by
multiplex fluorescent in situ hybridization. The fluorescent signals
for mRNAs of VGAT (light-blue dots in Fig. S3A and its higher-
magnitude image of the white-framed square in Fig. S3A and Fig.
S3B, available at http://links.lww.com/PAIN/B292) were densely
observed in the CeA, as expected, andmuch sparsely in the BLA,
also as expected. A larger-magnitude view of region 1 from the
CeA in Figure S3B (the white-framed square numbered “1” in Fig.

S3B, available at http://links.lww.com/PAIN/B292) indicates that
Cre recombinase mRNA signals (red dots in images in Figs. S3A
and S3B, available at http://links.lww.com/PAIN/B292) are
colocalized with VGAT mRNA signals (light-blue signals), but
never with VGLUT signals (dark-blue signals). Expression of
mCherry (red points in Fig. S3C1 and S3C2, available at http://
links.lww.com/PAIN/B292), of which the expression was driven
by Cre recombinase associated with VGAT expression, was
limited to the CeA around the injected fluorescence beads (blue
signal in Fig. S3C1 and S3C2, available at http://links.lww.com/
PAIN/B292). Such a limited expression of mCherry was observed
in a large set of the rats tested. Even in the cases in which we
could observe the expression of mCherry in surrounding
structures of the CeA, their density was much sparser compared
with those within the CeA.

Figure 2D indicates the intra-CeA injection sites as confirmed
with the microbeads fluorescence after the behavioral data
collection (Fig. 2). In the successful experiments, the tip of the
pipette (the highest beads density in the slice) was consistently
found within the CeA and surrounded by many neurons
expressing mCherry (Figure S3C1 and S3C2, available at http://
links.lww.com/PAIN/B292). To depict how the expression of
transfected genes and their products spread around the injection
site, we drew the border of mCherry expression for each slice
according to a procedure explained in Figure S4 (available at
http://links.lww.com/PAIN/B292), and the transfected regions
were collectively presented for all the rats tested in Figure S5
(available at http://links.lww.com/PAIN/B292). In all rats, the
mCherry signal covered a large portion of CeA regions in each
group, suggesting CNO was expressed in a significant amount of
CeAneurons. However, in some rats, an extra-CeAmCherry signal
was also observed and not negligible. These signals might
represent the expression of cre recombinase in GABAergic
neurons outside of the CeA, such as the caudate putamen and
basolateral amygdala. They would also contain GABAergic
neurons in the adjacent intercalated cell mass, which is difficult
to manipulate in isolation because it is too close and small. It
remains to be analyzed how inhibition or activation of GABAergic
neurons in these extra-CeA regions affects PWT50. Because of the
consistent mCherry expression in all rats tested in the CeA and
sporadic and additional extra-CeA expressions, it is likely that the
consistently observed effects of CNO application primarily resulted
from activation of DREADDs mainly in the CeA. As a summary,
these results definitively indicate that (1) selective inhibition of the
GABAergic neurons in the right CeA attenuates the widespread
hypersensitivity in the bilateral hind limbs of rats causedby orofacial
inflammatory pain and (2) selective excitation of the GABAergic
neurons in the right CeA gives rise to hypersensitivity in the bilateral
hind limbs of rats without inflammation and pain.

3.3. Clozapine N-oxide directly affected neuronal excitability
of the neurons expressing designer receptor exclusively
activated by a designer drug in ex-vivo slices

The DREADDs transfected into the CeA are metabotropic G-
protein coupled receptors associated with Gq (hM3Dq) or Gi
(hM4Di). As the consequences of activating these receptors
depend on the type of downstream enzymatic machinery, it is
necessary to confirm the effects of their activation in the cells to be
examined. As proof, we confirmed that pharmacological activa-
tion of DREADDs with CNO, affects the excitability of the CeA
neurons expressing mCherry with DREADDs in the ex-vivo brain
slice preparations, which were prepared from a subset of
randomly chosen rats at 5 to 8 weeks after AAV injection. In the
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Figure 3. Electrophysiological recording of CNO-induced response from the CeM neurons expressing hM4Di or hM3Dq in acute amygdalar slices. (A) CNO-
induced hyperpolarization ofmembrane potential in the hM4Di-mCherry expressingCeA neurons. A1, Typical example of the coronal slice, including theCeA used
for patch-clamp recording. CeM, medial subdivision of the CeA. cst, commissural stria terminalis. P, recording pipette. A2, Magnified image of the area indicated
with a rectangle in A1. Whole-cell recordings were performed from hM4Di-mCherry-positive cells. A3, Effect of CNO on the resting membrane potential in hM4Di-
mCherry-positive cells. A representative trace of the patch-clamp recording (left) recorded from the hM4Di-mCherry-positive neuron shown in A2 in the current-
clampmode. The regularly repeated vertical shifts represent parts of passive membrane responses to hyperpolarizing and depolarizing currents injected every 10
seconds. A rectangular hyperpolarizing pulse (100-300 ms,220 pA) followed by a depolarizing pulse (500 ms, 100-120 pA) was injected every 10 seconds, the
responses to which are truncated in A3 so that the change in resting membrane potential is more visible. The right panel of A3 shows the summary of the resting
membrane potential under the ACSF and during the addition of CNO. CNO (5 mM) hyperpolarized hM4Di-mCherry-positive neurons; **P, 0.01, ACSF vs CNO;
paired t test, n5 6 neurons from 2 rats. A4, the effect of CNO on the response to inward current injection. Current injection generated action potentials. Gray and
green traces in A4 left panel were recorded under the normal ACSF before applying CNO at the point of the gray arrowhead (A) in A3 left panel and after applying
CNO at the point of the green arrowhead (B) in A3 left panel, respectively. The red line at the bottom of A4 left panel indicates the injected current step. The right
panel of A4 shows the summary of the number of action potentials normalized by that under ACSF. CNO (5 mM) hyperpolarized the membrane potential and
decreased the number of action potentials in hM4Di-mCherry-positive neurons; **P , 0.01, ACSF vs CNO; paired t test. (B) CNO-induced depolarization of
membrane potential in the hM3Dq-mCherry expressing CeA neurons. B1, Typical example of the coronal slice, including the CeA used for patch-clamp recording.
CeM, the medial subdivision of the CeA. CeC, the capsular subdivision of the CeA. cst, commissural stria terminalis. P, recording pipette. B2, Magnified image of
the area indicated with a rectangle in B1. Whole-cell recordings were performed from hM3Dq-mCherry-positive cells. B3, Effect of CNO on the restingmembrane
potential in hM3Dq-mCherry-positive cells. A representative trace of the patch-clamp recording (B3-left) was recorded from the hM3Dq-mCherry-positive neuron
shown in B2 in the current-clamp mode. The right panel summarizes the resting membrane potentials under the ACSF (before CNO) and CNO (after CNO).
Clozapine N-oxide (5 mM) depolarized hM3Dq-mCherry-positive neurons; *P, 0.05, ACSF vs CNO; paired t test. The neurons in A expressing hM4Di receptors
were recorded from the most lateral portion of the CeM (A1; 2 cells from the left and 4 cells from the right) prepared from 2 rats. The 5 neurons in B expressing
hM3Dq receptors were recorded also from themost lateral portion of the CeM (B1; 1 cell from the left and 4 cells from the right) prepared from 3 rats. There was no
apparent difference in the membrane properties and responses to CNO depending on the side and location of the cells. ACSF, artificial cerebrospinal fluid; CNO,
clozapine N-oxide.
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hM4Di-transfected rats (Figs. 3A1 and A2), application of CNO
(5 mM) significantly hyperpolarized the CeA neurons (Fig. 3A3)
and decreased the number of action potentials in response to
depolarizing pulse in the CeA neurons (Fig. 3A4) showing
mCherry fluorescence (Fig. 3A2). The CeA neurons showing
mCherry fluorescence in the rats that received hM3Dq expression
vector (Figs. 3B1 andB2), were significantly depolarized by CNO
(5 mM), accompanied by the generation of action potentials (Fig.
3B3). These responses were consistently observed in all the
neurons examined. These results indicate that the synthetic
ligand CNO directly excites (hM3Dq-expressing) and inhibits
(hM4Di-expressing) neurons in the CeA, thus supporting the
interpretation that the experimental modulation of theCeA neuron
excitability alone is sufficient to modulate nociceptive behaviors.

3.4. Blockadeof calcitonin gene–relatedpeptide receptors in
the right central amygdala attenuated ectopic sensitization
in the rats with orofacial inflammation

The CeA is rich in receptors for CGRP, which are likely to be
activated by CGRP released from the axon terminals of LPB
origin.18,46 Exogenous CGRP increases postsynaptic N-methyl-D-
aspartate receptor-mediated current at the LPB-CeC synapse,63

and endogenous CGRP is necessary in the LPB-CeC synaptic
potentiation.75 A very interesting finding by the group ofNeugebauer
is that blockade of CGRP receptors in the CeA with CGRP8-37 can
attenuate already established pain sensitization at the knee joint of
arthritis rats, indicating that CGRP receptors in the arthritis rats are
continuously activated in a manner blocked by a selective
antagonist.35 Furthermore, they demonstrated blockade of CGRP
receptors in the brain slice, where there was no more source of
CGRP, can cancel the LPB-CeA synaptic potentiation in the slices
prepared from arthritis rats.35 These lines of evidence suggest that
the blockade of CGRP receptors in rats with augmented CeA
neuron activities resulting from inflammatory pain can attenuate the
potentiated nocifensive response at the site of injury/inflammation.
Therefore, we examined whether the blockade of the CGRP
receptors in theCeA could also affect the ectopic sensitization in the
hind limb after orofacial inflammation (Fig. 4). Figure 4A shows the
timings of manipulations. Microinjection of CGRP8-37, a partial
peptide that selectively blocks CGRP receptors, into bilateral CeAs
at a concentration reported to block CGRP receptors,35 slightly but
significantly recovered the bilateral PWT50 lowered after formalin
injection to the left upper lip (green-filled circles in Fig. 4B1). This
effect was repeatedly observed when the CGRP receptor
antagonist was injected at 5.5 hours postformalin and almost faded
at;20 hours later. Injection of the CGRP receptor antagonist to the
regions outside of the CeA (striatum) did not affect the lowered
PWT50 in formalin-injected rats (red-filled circles in Fig. 4B1). Again,
this attenuation in the formalin-induced hypersensitivity after intra-
CeA injection of CGRP receptor antagonist was most prominent
when the blocker was injected only to the right CeA (Fig. 4B2) but
was not observed after the left CeA injection (Fig. 4B3). Figure 4C
indicates the site of injections confirmed after behavior experiments
using fluorescent beads injectedwith theCGRP receptor antagonist
solution. Altogether, as with themechanical sensitization in the knee
joint arthritis model,59 blockade of CGRP receptors in the CeA can
significantly attenuate ectopic sensitization in the hind paw in the
orofacial inflammatory pain model.

4. Discussion

Here, we presented a novel widespread/ectopic pain model in
which mechanical hypersensitivity occurs in body regions remote

to the primary inflammation. In this model, the inflammation was
located in the orofacial area innervated by the trigeminal nerve,
and the mechanical sensitization occurred in the bilateral hind
paws innervated by the lumbar spinal nerves. Based on the
results of chemogenetics and pharmacological experiments, we
conclude that the GABAergic neurons in the right CeA, a site
selectively activated by sustained nociceptive/inflammatory
inputs by trigeminal afferents,56 play an essential role in this
remote sensitization. The involvement of the left CeA seems
limited. The most straightforward interpretation is that the right
CeA activated by the nociceptive/inflammatory information in one
part of the body augments the sensitivity of the nociceptive
responses to mechanical touch in other parts of the body. This
amygdala-regulated sensitization could have a protective func-
tion in avoiding further injury to the body by raising the level of
vigilance to the external environment when an individual already
has inflammation/persistent pain in one part of the body.23

This result also has a significant implication on the study of pain
mechanisms in general. Mechanical sensitization in the hind limbs
is a hallmark symptom in various animal models of pain. The von-
Frey filament test is a gold standard used in most preclinical
studies analyzing the intensity of pain in the hind limb in various
models.6,66 The present results imply that the mechanical
sensitization in these models might result, at least in part, from
enhanced CeA-mediated regulation caused by sustained
nociception/inflammation and may not be a simple consequence
of the injury and inflammation at the sites of origin. However, this
interpretation might depend on the pain model used. In the spinal
nerve injury model of rats, the LPB to CeA synaptic potentiation is
injury-side dependent and mechanical allodynia occurs only on
the injury side.37 This side specificity is dependent on the
progress of pain behaviors.30 As a whole, the type of the pain
model (eg, with or without inflammation) and progress of the
nociplastic process would largely affect the occurrence of this
amygdala-driven widespread sensitization. This conclusion
would have a significant implication for interpreting the lowered
mechanical threshold in the hind paw in many “pain-resembling”
animal models. Similar remote sensitization has been described
in patients with temporomandibular disorders,16,31,73 mi-
graine,7,10,14 and knee osteoarthritis.5,24 As feeling “pain” in a
body part where there is no clear sign of injury/inflammation is a
perplexing and devastating experience, understanding the
mechanism underlying widespread pain and the role played by
the CeA is an urgent issue to be examined using brain imaging.28

4.1. The amygdala as a site of convergence and divergence
with limited somatotopy

The CeA is strategically well situated for a kernel site for
widespread hypersensitivity. First, the CeA neurons are activated
by sensory information with only limited somatotopic specificity,61

indicating that nociceptive/inflammatory information arising from
widespread body regions converges to the CeA, particularly to
the right CeA, while losing the precise information on the site of
origin.56 In rats, the receptive field of the right CeA neurons covers
multiple regions of the body and becomes entirely widespread at
2 to 6 hours after left-knee induction of arthritis.61 Altogether, it is
likely that pain-associated sensory inputs activate CeA neurons
with a limited somatotopic specification of the origin.

Second, artificial or pharmacological activation of the CeA
neurons alone sensitizes the peripheral nociceptive responses in
various parts of the body. For example, the pharmacological
activation of mitogen-activated protein kinase in the CeA alone
lowers the mechanical allodynia threshold in the hind paw.17 As a
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Figure 4. Effects of CGRP receptor antagonist microinjection in the CeA on themechanical withdrawal threshold of the hind paws in rats with an upper lip formalin
or saline injection. (A) Experimental procedure (experiment 4). The pharmacological blockade of the CGRP receptors in the CeA was performed 5.5 hours after
formalin/saline injection. (B) CGRP receptor antagonizing peptide, CGRP8-37 was infused in the bilateral (B1), right (B2), or left CeA (B3). A legend of markers for B
andC is shown at the right of A; black, green, and red circles indicate the group of the vehicle into the CeA, CGRP8-37 into the CeA, andCGRP8-37 into the striatum,
respectively, and filled and open circles indicate formalin-injected/saline-injected rats, respectively. A 2-way repeated-measures ANOVA is performed to examine
the effect of 2 factors (4-time points and 2 or 5 treatment groups) on the PWT50. The difference in PWT50 between each time point was analyzed by Dunnett test,
cP, 0.001 for the comparison with baseline, fP, 0.001 for the comparison between pre- CGRP8-37 and post-CGRP8-37 injection. The colors of the alphabet of
statistical results indicate to which group the significant difference attribute. In the formalin group, CGRP8-37 into bilateral (B1) or right (B2) CeA significantly raised
the lowered PWT50 transiently, which decreased again at 24 hours (fP, 0.001, Dunnett test; 4.5 hours vs 6 hours postformalin). This was not the case in rats with
vehicle injection and with striatum injection of CGRP8-37. The differences in PWT50 between groups at each time point was analyzed by Gabriel’s test (*P, 0.05,
**P, 0.01, formalin-CGRP8-37 vs formalin-vehicle (black stars) and ***P, 0.001, formalin-CGRP8-37 vs formalin-striatum (orange stars) for B1) or Mann–Whitney
U test (***P , 0.001, formalin-CGRP8-37 vs formalin-vehicle (black stars) for B2). There was no significant difference between groups in B3 (refer to Table 1,
available at http://links.lww.com/PAIN/B291). The numbers of rats are 15 (CGRP8-37-formalin), 8 (CGRP8-37-saline), 10 (CGRP8-37 into striatum-formalin), 12
(vehicle-formalin), 9 (vehicle-saline) for B1; 7 (CGRP8-37-formalin), 11 (vehicle-formalin) for B2; 9 (CGRP8-37-formalin), 8 (vehicle-formalin) for B3. (C) Histological
identification of the local infusion sites of CGRP8-37. The scheme at the top of Fig. 4C indicates the target area of microinjection. Squares no. 1 and 2 show the
regions containing the amygdala, and squares no. 3 and 4, show the striatum. Bottom panels show the sites of injection cannula-tip plotted in the 3 coronal
sections,21.92,22.40, and22.92 from the bregma, adapted from the atlas by Paxinos andWatson (2007), in each experimental group. The color indicates each
group (see the legend in the box at the right top of Fig. 4). The distribution of FluoSphere is shown in Fig. S6 (available at http://links.lww.com/PAIN/B292). ANOVA,
analysis of variance; CGRP, calcitonin gene–related peptide.
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sequel to this pioneering work, it has been shown that chemo-
genetic activation of protein kinase C d-expressing right CeA
neurons caused mechanical as well as thermal (hot and cold)
allodynia in bilateral hind paws.85 Pharmacological activation of
CGRP1 receptors, metabotropic glutamate receptor 5 (mGluR5),
and corticotropin-releasing factor receptor type-1 receptors in
the CeA and an injection of reactive oxygen species scavenger
into the right CeA sensitizes the knee joint to mechanical
stimulation34,35,39,40,60 or visceral nocifensive move-
ments.22,41,42,57,67 Such influence from the CeA to widespread
regions might provide a basis for widespread pain in primary
chronic pain, which occurs even in the absence of injury or
inflammation. Combining these 2 aspects, that is, the conver-
gence and divergence of the pain-associated inputs and outputs
to/from the CeA, it is likely that the CeA plays a “hub” role through
being activated by the diverse regions of the body, which in turn
modulates the nociceptive sensitivity in widespread regions, as
observed in this study.

4.2. The remaining issues found in this study and to be
answered in the future studies

Four other issues should be addressed to extend the present
results.

4.2.1. How does the modulation of the CeA network affect
nocifensive sensitivity?

The CeA neurons, that is, the capsular (CeC), lateral (CeL), and
medial (CeM) CeA neurons,64 are mostly GABAergic.47,83 In
addition, the outputs from the CeA network, mostly originated in
the CeM and partly in the CeL, are also GABAergic. This anatomo-
functional situationmakes it extremely difficult to understand how an
experimental manipulation of an CeA network element alters the
CeA-regulated nocifensive behaviors. It remains unclear how
excitation and inhibition of the GABAergic neurons in the CeC,
CeL, and CeM modulate allodynia. It is most likely that the direct
suppression or excitation of the CeM neurons transmit final outputs
to the modules for descending pain modulation, such as the
ventrolateral periaqueductal grey,50 by DREADDs would be most
influential in affecting pain-like behaviors. The roles played by the
CeM neurons in the nociceptive behavior regulation remain to be
identified in future studies.50

4.2.2. Laterality

Similar to the right side predominant activation of the CeA after
formalin injection,56 the present results indicate that the right CeA
also plays the predominant role in regulating mechanical
sensitivity. Such laterality in the CeA function in pain models is a
hot topic.3 We failed to observe major significant changes in the
PWT50 by modulating left CeA activity alone, unlike the
abdominal nocifensive behavior in the bladder-stimulated rats.72

However, the effects of bilateral modulation were less manifest
(ie, changes, if any, were less supported by statistical signif-
icance) than those of right-CeA-only modulation. Thus, it is
suggested that the left CeA activity would also play any role,
which is rather analgesic, in regulating touch-induced escape
behavior. It is also possible that the antinociceptive role of the left
CeA would require other evaluation of a different kind of pain than
the von Frey test. At this moment, the mechanism underlying this
right-side predominance of the CeA in the regulation of
mechanical sensitivity remains undetermined and needs to be
determined in future studies.

4.2.3. The sex of the experimental animals

In this study, we used male rats. The sex-dependent difference in
the mechanism underlying sustained pain in animals has been
repeatedly shown and acknowledged to be one of the most
influential factors of pain behaviors.77 It is an exciting future
question to be addressed whether the effects of chemogenetic
manipulation of the CeA on mechanical sensitivity is also
observed in female animals. This is a testable question and
should be asked in the near future.

4.2.4. Technical limitations with chemogenetics experiments

In this study, we used CNO, amost conventionally used ligand, to
activate DREADDs. Clozapine N-oxide is readily metabolized to
clozapine, which can activate a wide range of endogenous
receptors,29 suggesting that the observed effects might have
involved a synergic activation of DREADDs and other targets
outside of the CeA. Use of recently developed more selective
ligand58 and more targeted expression system, such as those
with FosTRAPmice32 would allow gaining more detailed scenario
as to how CeA neurons regulate widespread peripheral
sensitivity.

4.3. Functional implications

In the latest edition of the International Classification of the
Diseases-11 by the World Health Organization (2018), “chronic
widespread pain (MG30.01)” is a subclass of the primary chronic
pain defined as “diffuse pain in at least 4 of 5 body regions and is
associated with significant emotional distress or functional
disability.” Fibromyalgia is included in this class. Brain imaging
studies in human fibromyalgia patients demonstrated aberrant
morphological and functional alteration in the amygdala.12,28,38,43

As the amygdala, particularly the CeA, is a hub site for emotional
responses and a central target for stress-associated or
inflammation-associated mediators, in addition to nociception,
we predict here that the CeA would be the kernel site that
underlies widespread pain, such as in fibromyalgia.

5. Conclusions

Plastic (“nociplastic”) changes would be the hallmark of the
amygdala network function to the convergence of nociceptive
signals and divergence of nocifensive behavior-associated
command to the whole body. This mechanism should have
evolutional significance by elevating the vigilance level in re-
sponse to ongoing injury/inflammation to protect against the
further risk to survival.23,52
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