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Comorbid anxiety and depressive symptoms in chronic pain are a common health problem, but the underlying mechanisms remain
unclear. Previously, we have demonstrated that sensitization of the CeA neurons via decreased GABAergic inhibition contributes to
anxiety-like behaviors in neuropathic pain rats. In this study, by using male Sprague Dawley rats, we reported that the CeA plays a
key role in processing both sensory and negative emotional-affective components of neuropathic pain. Bilateral electrolytic lesions of
CeA, but not lateral/basolateral nucleus of the amygdala (LA/BLA), abrogated both pain hypersensitivity and aversive and depressive
symptoms of neuropathic rats induced by spinal nerve ligation (SNL). Moreover, SNL rats showed structural and functional neuroplas-
ticity manifested as reduced dendritic spines on the CeA neurons and enhanced LTD at the LA/BLA-CeA synapse. Disruption of
GluA2-containing AMPAR trafficking and endocytosis from synapses using synthetic peptides, either pep2-EVKI or Tat-GluA2(3Y),
restored the enhanced LTD at the LA/BLA-CeA synapse, and alleviated the mechanical allodynia and comorbid aversive and depres-
sive symptoms in neuropathic rats, indicating that the endocytosis of GluA2-containing AMPARs from synapses is probably involved
in the LTD at the LA/BLA-CeA synapse and the comorbid aversive and depressive symptoms in neuropathic pain in SNL-operated
rats. These data provide a novel mechanism for elucidating comorbid aversive and depressive symptoms in neuropathic pain and
highlight that structural and functional neuroplasticity in the amygdala may be important as a promising therapeutic target for
comorbid negative emotional-affective disorders in chronic pain.
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Significance Statement

Several studies have demonstrated the high comorbidity of negative affective disorders in patients with chronic pain. Understanding
the affective aspects related to chronic pain may facilitate the development of novel therapies for more effective management. Here,
we unravel that the CeA plays a key role in processing both sensory and negative emotional-affective components of neuropathic pain,
and LTD at the amygdaloid LA/BLA-CeA synapse mediated by GluA2-containing AMPAR endocytosis underlies the comorbid aver-
sive and depressive symptoms in neuropathic pain. This study provides a novel mechanism for elucidating comorbid aversive and
depressive symptoms in neuropathic pain and highlights that structural and functional neuroplasticity in the amygdala may be impor-
tant as a promising therapeutic target for comorbid negative emotional-affective disorders in chronic pain.

Introduction
Pain associates both sensory and emotional aversive compo-
nents, and often leads to anxiety and depression when it becomes
chronic. Comorbid anxiety and depressive symptoms in chronic
pain are a common health problem, but the underlying mecha-
nisms remain unclear. Previously, we have demonstrated that
sensitization of neurons in the CeA contributes to anxiety-like
behaviors in neuropathic pain rats (Jiang et al., 2014). In this
study, we sought to investigate the neuronal mechanisms under-
lying the comorbid aversive and depressive symptoms in
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neuropathic pain. Because persistent pain is frequently associated
with psychological and emotional dysfunction (Baliki and
Apkarian, 2015), understanding the neuronal and molecular
mechanisms involved in the affective component of pain may
have considerable clinical importance for the treatment of
chronic pain.

Several studies have shown that the persistent pain arising
from peripheral nerve injury induces maladaptive changes in the
corticolimbic brain areas (Taylor, 2018), in which the amygdala
plays a key role in emotional processing, neuropsychiatric disor-
ders, and the emotional-affective dimension of pain (Neugebauer,
2015). In particular, the lateral amygdala (LA) and basolateral
amygdala (BLA) and the central amygdala have been implicated
in the affective components and consequences of neuropathic
pain (Yalcin et al., 2014; Neugebauer et al., 2020). Using in vivo
neural calcium imaging in freely behaving mice, Corder et al.
(2019) have identified in the BLA a critical neural ensemble target
that mediates aversive chronic pain unpleasantness. In a separate
study, the CeA has been identified as a pivotal relay station in a
specific serotonergic pathway from the dorsal raphe nucleus to the
lateral habenula in governing comorbid depressive symptoms in
chronic pain (Zhou et al., 2019). The LA/BLA is conceptualized as
the main input of the amygdala receiving polymodal sensory,
including nociceptive inputs from the thalamus and the cortex
(Neugebauer, 2015). Through associative processing, the LA/BLA
attaches emotional-affective content to the sensory inputs and
transmits highly integrated information to the CeA, the main out-
put station of the amygdala, for modulating the emotional compo-
nents of pain (Veinante et al., 2013).

Neuroplasticity in the amygdala has emerged as an important
contributor to emotional-affective aspects of pain (Thompson
and Neugebauer, 2017). Enhanced neurotransmission in the
BLA-CeA pathway and increased excitability of CeA neurons
have been shown in rodent models of inflammatory pain and
neuropathic pain (Neugebauer and Li, 2003; Neugebauer et al.,
2003; Li et al., 2017). Rats with spared nerve injury display signs
of depressive-like behavior accompanied by increased amygdala
volume, which is associated with an increased generation of new
neurons in the CeA as well as in the BLA (Goncalves et al.,
2008). These neuroplastic changes might contribute to the devel-
opment of depressive-like symptoms frequently present in pro-
longed pain syndromes (Thompson and Neugebauer, 2017).
LTP and LTD, the two major forms of synaptic plasticity which
are thought to be the cellular basis for learning and memory
(Abraham et al., 2019), are observed in most brain pathologies,
including chronic pain and affective disorders (Doan et al., 2015;
Zhuo, 2019). Importance of AMPA-type glutamate receptors
(AMPARs) has emerged notably in LTP and LTD (Diering and
Huganir, 2018). AMPARs are homotetramers or heterotetramers
assembled from GluA1-A4 subunits, and the vast majority are
GluA1/2 and GluA2/3 heteromers (Traynelis et al., 2010).
Phosphorylation of either GluA1 serine 831 (GluA1Ser831) or 845
(GluA1Ser845) residues regulates GluA1-containing, Ca21-perme-
able AMPAR (CP-AMPAR) insertion into the postsynaptic
membrane and facilitates LTP induction, whereas phosphoryla-
tion of GluA2 serine 880 (GluA2Ser880) promotes GluA2-con-
taining, Ca21-impermeable AMPAR (CI-AMPAR) endocytosis
and leads to LTD (Diering and Huganir, 2018; Park, 2018).

From these lines of evidence, we hypothesized that the
AMPAR-mediated long-term synaptic plasticity in the amygdala
may be involved in the negative affective components of chronic
pain. We uncovered that the AMPAR-mediated LTD in the LA/
BLA-CeA pathway, resulting from the endocytosis of GluA2-

containing AMPARs involved in the comorbid aversive and
depressive symptoms in rats with neuropathic pain.

Materials and Methods
Chemicals, reagents, and antibodies
Pentobarbital sodium (P3761), D(-)-2-amino-5-phospho-nopentanoic
acid (D-AP5, A8054), bicuculline (B7686), and phenethylamine
(128945) were purchased from Sigma-Aldrich. 1-Naphthyl-acetyl-
spermine-trihydrochloride (NASPM, 2766) was obtained from Tocris
Bioscience. TTX (AF3015) and DAPI (ab228549), respectively, were pur-
chased from YEASEN Bio Technologies and Abcam. All these chemicals
were dissolved in 0.9% sterile saline with stock concentration of 1 M,
stored in �20°C, and diluted to desired concentrations just before
experiments. Pep2-EVKI peptide (YNVYGIEEVKI) and nonfunctional
peptide pep2-SVKE (YNVYGIESVKE) were purchased from Tocris
Bioscience. The active Tat-GluA2(3Y) peptide (

869YKEGYNVYG877) and
the inactive control peptide Tat-GluA2(3A) (

869AKEGYNVYG877) were
synthesized by R&D Systems. All the peptides were dissolved in the
ACSF at desired concentrations. Primary antibodies, including
mouse anti-rat GluA1 (ab1504), rabbit anti-rat GluA2 (ab20673), mouse
anti-pGluA2Ser880 (ab2834726), and rabbit anti-GFP (ab7260), were
purchased from Abcam. Rabbit anti-pGluA1Sser831 (04-823), rabbit
anti-pGluA1Ser845 (04-1073), and mouse anti-NeuN (MAB377) were
purchased from Merck Millipore. Mouse anti-GFAP (GA5, 3670S) and
rabbit anti-Iba1 (019-19741) were purchased from Cell Signaling
Technology and Wako Chemicals, respectively. Primary antibody mouse
anti-GAPDH (TA-08) and secondary antibodies, including HRP-labeled
goat anti-rabbit IgG (ZDR-5306), HRP-labeled goat anti-mouse IgG
(ZD-2305), and FITC-labeled goat anti-rabbit IgG (ZF-0511), were
obtained from ZSGB-Bio. HRP-labeled AlexaFluor-647 goat anti-mouse
IgG (ab150116) was purchased from Abcam. Unless otherwise specified,
all other chemicals and reagents were purchased from Sigma-Aldrich.

Animals
Male Sprague Dawley rats weighing 150-200 g at the beginning of the
experiment were provided by the Department of Experimental Animal
Sciences, Peking University Health Science Center, and were randomly
assigned to experimental groups. The following factors are considered
for the reason to use male animals rather than female animals: many
neural and behavioral functions are affected by estrogens, including
mood, cognitive function, and pain (Marrocco and McEwen, 2016;
McEwen and Milner, 2017). A substantial body of evidence suggests that
the sex hormones, particularly estradiol and progesterone, play an im-
portant role in pain perception (Vincent and Tracey, 2010). Strong links
between fluctuations in mood and sex hormones (especially the endoge-
nous estrogen) also have been reported (Bäckström et al., 1983; Schmidt
and Rubinow, 2009; Wharton et al., 2012; Hernández-Hernández et al.,
2019; Frokjaer, 2020). In addition, the menstrual (or estrous) cycle has
been reported to alter pain perception (Hellström and Anderberg, 2003;
Ibironke and Aji, 2011; Kaur et al., 2018), depression (Stuart and
Redman, 1991; Jenkins et al., 2001; D’Souza and Sadananda, 2017; Dan
et al., 2019), and even BLA neuronal activity (Blume et al., 2017).
Therefore, to rule out the influence of sex hormones and estrous cycle
on pain and depression, only male animals were selected to be used in
the present study.

The rats were housed in separated cages with free access to food and
water, and maintained in a room temperature kept at 246 1°C under nat-
ural light–dark cycle. All animal experimental procedures were conducted
in accordance with the guidelines of the International Association for the
Study of Pain (Zimmermann, 1983) and were approved by the Animal
Care and Use Committee of Peking University.

Spinal nerve ligation (SNL) surgery
Under general anesthesia via intraperitoneal injection (i.p.) of pentobar-
bital sodium (50mg/kg), the left lumbar 5 (L5) spinal nerves distal to the
DRGs were tightly ligated with 4–0 silk sutures as described previously
(Kim and Chung, 1992; Jiang et al., 2014; Ding et al., 2015). In control
animals, sham surgery with identical procedure, except for ligation of
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the L5 spinal nerves, was received. Any rats exhibiting motor deficiency
or lack of tactile allodynia were excluded from the study.

Behavioral studies
All behavioral experiments thereafter were performed in a blinded fash-
ion; that is, the behavioral experimenters were kept blind from the
groupings of the rats.

Assessment of mechanical allodynia. Mechanical allodynia, as a be-
havioral sign of neuropathic pain, was assessed by measuring 50% paw
withdrawal threshold (PWT) as described in our previous reports (Jiang
et al., 2014; Ding et al., 2015). The 50% PWT in response to a series of
von Frey filaments (Stoelting) was determined by the Up and Down
method as described previously (Chaplan et al., 1994). In brief, the rat
was placed on a metal mesh floor covered with an inverted clear plastic
cage (18� 8 � 8 cm) and allowed a 20 min period for habituation. Eight
von Frey filaments with approximately equal logarithmic incremental
(0.224) bending forces were chosen (0.41, 0.70, 1.20, 2.00, 3.63, 5.50,
8.50, and 15.10 g). Each trial started with a von Frey force of 2.00 g deliv-
ered perpendicularly to the plantar surface of the left hindpaw for ;2-
3 s. An abrupt withdrawal of the foot during stimulation or immediately
after the removal of the filament was recorded as a positive response.
Whenever there was a positive or negative response, the next weaker or
stronger filament was applied, respectively. This procedure was done
until 6 stimuli after the first change in response had been observed.
The 50% PWT was calculated using the following formula: 50%
PWT (g) = 10[Xf 1 kd ], where Xf is the value of the final von Frey fila-
ment used (in log units), k is a value measured from the pattern of posi-
tive/negative responses, and d = 0.224, which is the average interval (in
log units) between the von Frey filaments (Dixon, 1980). An allodynic
rat is defined as that the 50% PWT is,4.0 g (i.e., withdrawal in response
to non-noxious tactile stimulus) (Zimmermann, 2001).

Conditioned place avoidance (CPA) test. The nociceptive mechanical
stimulation-induced CPA (the mCPA) was conducted as previously
described (Watanabe et al., 2002) with slight modification. The place
conditioning apparatus consists of compartments (30/21/30 cm, width/
length/height) with distinctive visual color and floor texture and a neu-
tral compartment (30/10/30 cm, width/length/height). One of the two
equal-sized compartments was black with a smooth floor; the other was
white with a textured floor. The apparatus was enclosed by a sound-atte-
nuated and light-attenuated box under conditions of dim illumination
(40 lux) and masking white noise. To reduce contamination by olfactory
cues during measurement and conditioning, the apparatus was thor-
oughly cleaned with 10% ethanol every time it was used. The experimen-
tal process consisted of four distinct sessions, including a habituation
session, a preconditioning session, a conditioning session, and the test
session. On days 11 and 12 after surgery, the rats were individually
placed on the neutral compartment and allowed to climb down and
freely explore the three compartments for 30min, so that they habitu-
ated themselves to the apparatus. On days 13 and 14 after surgery, the
same trial was performed, and the time spent in each compartment over
15min was measured. On days 15-20 after surgery, place conditioning
was performed as follows: in the evening (6:00 P.M. to 9:00 P.M.), each
rat was confined to the black compartment and given a 300 g von Frey
stimulus every 30 s for 15min; in the morning (6:00 A.M. to 9:00 A.M.),
each rat was confined to the white compartment for 15min without any
stimulus. On day 21 after surgery, as the test session, the rats were indi-
vidually placed on the neutral platform and allowed to freely explore the
two compartments without any stimulus. The time spent in each com-
partment over 15min was then measured. The CPA scores represent the
time spent in the pain-paired compartment in preconditioning session
minus the time spent in the same compartment in the test session, and
are expressed as mean6 SEM.

The predator odor stress-induced CPA (the oCPA) was performed
as described previously (Ferrero et al., 2011; Edwards et al., 2013;
Schreiber et al., 2017) with slight modification. In brief, rats were
exposed to predator odor (2-phenylethylamine odor [PEA]) versus no
odor in two separate contexts that differed on both visual (wall patterns)
and tactile (floor grids) cues, and underwent a 4 d CPA procedure. On
the first day, rats were allowed 15min to freely explore two conditioning

chambers with distinct tactile and visual same as described in the pain-
related CPA procedure. The time that rats spent in the two conditioning
chambers was recorded as the preconditioning baseline. On the second
day, rats were placed in one chamber without odor (neutral environ-
ment) for 30min. On the third day, rats were exposed in the opposing
context for 30min with a PEA-soaked sponge (10 ml diluted in 100 ml
of water) placed under the corner of the chamber (predator odor envi-
ronment), or no odor for control animals. On the fourth day, rats were
again allowed to explore the two conditioning chambers without PEA in
a 15 min video recording. The predator oCPA scores were calculated as
a difference score between preconditioning time (the first day) spent in
odor-paired context and postconditioning time (the fourth day) spent in
odor-paired context, and are expressed as mean6 SEM.

Sucrose preference test (SPT). SPT was performed as previously
described (Chen et al., 2018). Briefly, rats were habituated to 1% sucrose
solution for 48 h, and then were deprived of water for 12 h, followed by
the SPT, in which each rat had free access to two bottles that contained
1% sucrose or tap water at the same time. The position of the two bottles
was changed every half an hour. The volumes of water and sucrose con-
sumed were measured at 48 h later. The volume of the sucrose solution
consumed (i.e., sucrose preference), expressed as a percentage of the
total liquid ingested during a 48 h tested period, was used as a measure
of the rats’ sensitivity to reward.

Forced swim test (FST). FST was conducted according to a previously
described method (Detke et al., 1995). Briefly, a 60 cm high behavioral
test cylinder (20 cm in diameter) was maintained at 18°C-22°C and filled
with 30 cm height of water, which ensured that the rats could not sup-
port themselves by touching the bottom with their paws or tail. Rats
were forced to swim for 6min, and behaviors were monitored by video
camera for subsequent analysis. The rats were considered “immobile”
when they ceased struggling and remained floating motionless in the
water, with only movements necessary to maintain their heads above
water. The duration of immobility was recorded in the last 4min of the 6
min testing period because most animals are very active at the beginning
of the FST, and the potential effects of the treatment can be obscured
during the first 2 min (Bogdanova et al., 2013).

Assessment of locomotor function. Inclined-plate test and rotarod test
were used for the assessment of animal’s locomotor function. For
inclined-plate test, rats were placed crosswise to the long axis of an
inclined plate. The initial angle of the inclined plate was 50 degrees. The
angle was adjusted in 5 degree increments. The maximum angle of the
plate was determined on which the rat maintained its body position for
5 s without falling (Rivlin and Tator, 1977; Chen et al., 2018). The
rotarod test was performed according to the method described previ-
ously (Rozas et al., 1997). Briefly, rats first underwent a training proce-
dure, in which the animals were placed on a rotating drum with the
constant speed of 4 rpm, forcing them to walk forward to avoid falling.
Training sessions were conducted 1 and 2d before the experiments, with
three trials per day, with a minimum of 30min intertrial rest intervals.
In the testing procedure, the rod was accelerated from 4-40 rpm over
5min. Animals’ latencies (in seconds) to their first fall were recorded
with a cutoff time of 300 s. The rod was cleaned with 75% alcohol before
the next animal was tested. Animals displayed motor dysfunction after
surgery or drug administration were excluded from the study.

Electrolytic lesions of bilateral LA/BLA and CeA. After 4 d of SNL
surgery, rats were anesthetized with pentobarbital sodium (50mg/kg,
i.p.) and mounted on a stereotaxic apparatus (Stoelting). The scalp was
incised, and small burr holes were made on the skull for electrode inser-
tion. For electrolytic lesions, stainless-steel electrodes (0.3 mm in diame-
ter) insulated with epoxy, except for 0.5 mm at the tip, were lowered
bilaterally into the LA/BLA (2.5 mm anterior, 5.1 mm lateral, 8.8 mm
ventral to the bregma) or the CeA (2.1 mm anterior, 4.2 mm lateral, 7.0
mm ventral to the bregma). Coordinates were adapted from the rat brain
atlas of Paxinos and Watson (2014). The lesion was made by passing
anodal current (DC current, 2.0mA, 10 s for CeA, and 2.0mA, 20 s for
LA/BLA) at each site through a Lesion-Making Device (53500, Ugo
Basile). The sham-operated rats were treated in the same manner, except
that no current was passed. After surgery, animals were allowed to
recover for at least 1 week and acclimated to daily handling before com-
mencement of behavioral procedures.
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Cannula implantation and intra-CeA microinjection. Rats were
anesthetized with pentobarbital sodium (50mg/kg, i.p.) and placed in a
stereotaxic apparatus (Stoelting) with flat-skull position for bilateral im-
plantation of stainless-steel guide cannulae (22-gauge, Plastics One) to
0.5 mm above the CeA (2.1 mm anterior, 4.2 mm lateral, 7.0 mm ventral
to the bregma). Coordinates were adapted from the rat brain atlas of
Paxinos and Watson (2014). Rats were allowed a 7 d recovery before the
experiments began. For the microinjection studies, rats received a bilat-
eral infusion of 0.5ml peptides into the CeA. Both microinjectors (28
gauge) were attached by polyethylene tubing to a 1 ml Hamilton syringe
with infusions being driven by a microinjection pump (Harvard
Apparatus). The microinjectors remained in position 60 s after the com-
pletion of the microinjection to ensure the entire dose had infused into
the brain region. The working concentration of peptides used in the in
vivo experiments was as follows: pep2-EVKI and pep2-SVKE, 10mg/ml,
Tat-GluA2(3Y) and Tat-GluA2(3A), 75 pmol.

Histologic verification. Following the completion of the experiments,
rats were deeply anesthetized with overdose pentobarbital sodium
(375mg/ml in 2 ml/kg, i.p.) and underwent intracardiac perfusion with
50 ml of 0.9% saline followed by 50 ml of 10% formalin. Bains were
extracted, postfixed in 10% formalin and potassium ferrocyanide solu-
tion for 7 d to be used for LA/BLA or CeA electrolytic lesion verification.
After submerged in 20% sucrose, tissues were sliced into 30-mm-thick
coronal sections using a cryostat, and subjected to Neutral Red staining
to confirm the lesion locations in the LA/BLA and the CeA via micro-
scopic inspection. Sites of lesions were verified histologically and plotted
on standard diagrams adapted from Paxinos and Watson (2014). Only
data from rats with correct lesion locations were further analyzed.

To verify the cannula placement in the intra-CeA microinjection
experiments, 0.5ml of black India ink was injected into the CeA immedi-
ately before the rat was killed at the end of each experiment, and the ink
diffusion into the CeA was histologically evaluated. In brief, deeply anes-
thetized rats were perfused transcardially with 0.9% saline followed by 4%
PFA. After postfixed in PFA at 4°C overnight, the brains were transferred
to a 20% sucrose solution in saline for cryoprotection. Coronal sections of
30mm were cut on a microtome, mounted on charged slides, and stained
with cresyl violet staining solution (Beyotime Biotechnology) following
the Nissl staining method. The sections were examined under a light
microscope (Leica Microsystems, DMI 3000B), and determination of the
location of infusion needle tips within the CeA was made according to the
standardized atlas plates of Paxinos and Watson (2014) by an observer
blind to drug treatment condition. Only data from rats with correct can-
nula placements were included in the statistical analysis.

Construction of lentiviral vectors expressing pep2-EVKI, pep2-SVKE,
Tat-GluA2(3Y), or Tat-GluA2(3A). Construction and production of
recombinant lentivirus-expressing pep2-EVKI (LV-pep2-EVKI), pep2-
SVKE (LV-pep2-SVKE), Tat-GluA2(3Y) (LV-Tat-GluA2(3Y)), or Tat-
GluA2(3A) (LV-Tat-GluA2(3A)) linked with EGFP tag were completed by
Likeli Technologies using pLVX-mCMV vector encoding EGFP. In
brief, the pLVX-mCMV-EGFP vector was digested with the restriction
enzyme NheI and AgeI (Likeli Technologies), and was then combined
with PCR fragments encoding pep2-EVKI, pep2-SVKE, Tat-GluA2(3Y),
and Tat-GluA2(3A), respectively. Next, by using Lipofectamine 2000
(Invitrogen), the total vector system composed of pLVX-mCMV-EGFP,
pHelper1.0 vector, and pHelper2.0 vector was cotransfected into HEK-
293T cells. Recombinant lentiviral vectors expressing pep2-EVKI, pep2-
SVKE, Tat-GluA2(3Y), or Tat-GluA2(3A) linked with EGFP tag were
obtained from supernatant liquid at 48 h after transfection, and the final
virus titer of 4.0� 108 TU/ml was used in this study.

Intra-CeA injections of lentiviral vectors. All surgical procedures
were performed under pentobarbital sodium anesthesia (50mg/kg, i.p.).
Rats were placed in a stereotaxic frame, and two 2.5ml injections of LV-
pep2-EVKI, LV-pep2-SVKE, LV-Tat-GluA2(3Y), or LV-Tat-GluA2(3A)
were made into bilateral CeA at coordinates (2.1 mm anterior, 4.2 mm
lateral, 7.0 mm ventral to the bregma). A Hamilton syringe fitted with a
glass capillary needle (Hamilton Gas Tight syringe 80000, 26 s/2 inch
needle; Hamilton; coated in SigmaCote) was used for injection. The nee-
dle was lowered to the site, and vector injection began immediately at a
rate of 0.5ml/minute and remained in place after the injection for an

additional 5min before retraction. Histologic identification of lentiviral
vectors infection was performed using immunofluorescence staining of
GFP with NeuN, GFAP, and Iba-1, respectively, and counterstained with
the nuclear marker DAPI at the end of experiments.

Immunofluorescence staining. The rats were anesthetized with pento-
barbital sodium (60mg/kg, i.p.) and then transcardially perfused with
150 ml of 0.01 M PBS, pH 7.4, followed by 500 ml of 4% PFA in 0.1 M
PB, pH 7.4. After perfusion, the brains were postfixed in 4% PFA for 3-4
h, and were kept at 4°C overnight in a 0.1 M PB containing 30% sucrose
until the brains completely sunk to the bottom of the container. Coronal
30-mm-thick serial sections of the brain were cut with a freezing micro-
tome (CM1950, Leica Microsystems).

For immunostaining, the tissues were washed 3 times in PBS for
5min each and blocked in 10% goat serum (in 0.1 M PBS) with 0.3%
Triton-X 100 for 1 h at room temperature. Then, tissues were incubated
with the respective primary antibody in PBS at 4°C overnight, which
includes rabbit anti-GFP (1:100), mouse anti-NeuN (1:200), mouse anti-
GFAP (1:500), and rabbit anti-Iba1 (1:500). Then, after 3 washes in
PBS, tissues were incubated with appropriate secondary antibodies,
including FITC-labeled goat anti-rabbit IgG (1:200) or AlexaFluor-647
goat anti-mouse IgG (1:200) at room temperature for 1 h. Sections were
counterstained with the nuclear marker DAPI (100ng/ml) carrying blue
fluorescence for 10min at room temperature, and were mounted on
slides and coverslipped with glycerin-gelatin. Negative controls were
obtained by repeating the same procedure with the omission of the pri-
mary or secondary antibodies. Visualization of fluorescence signal was
performed by confocal microscopy at excitation wavelengths of 488 nm
(green), 543 nm (red) as well as 405 nm and 647nm (blue). At least three
sections per animal and four fields per section were analyzed to establish
reproducibility.

Golgi-Cox staining and Sholl analysis. Staining was performed using
the method as previously described (Han et al., 2019) with slight modifi-
cation. In brief, rats were anesthetized with pentobarbital sodium
(50mg/kg, i.p.) and killed by decapitation. The brain was removed
quickly from the skull, rinsed with 0.1 M PBS (4°C), and immediately
immersed in Golgi-Cox solution (5% potassium dichromate; 5% mercu-
ric chloride; 5% potassium chromate, in distilled water) in the dark for
14d at room temperature. The impregnation solution was changed every
3 d during this period. After impregnation, brains were dehydrated in
30% sucrose solution at 4°C. Using a cryostat microtome, the brain was
cut into 100mm sections and mounted into gelatin-coated slides.
Mounting slides were dried at 37°C overnight, and were ready for the
following staining: 1min in distilled water, 30 min in ammonia solution
(in the dark), and 1min in distilled water (in the dark); then, 30 min in
Kodak developer (in the dark) and 1min in distilled water; next, in a
graded series of ethanol (1min in 50%, 1min in 70%, 1min in 96%, and
5min in 100% ethanol twice) and CXA solution (chloroform, xylene,
ethanol with equal volume mix). After putting coverslip on the stained
slides with neutral resin-based medium, the covered slides were placed
in the room temperature for several days drying and then ready for fur-
ther imaging.

Neurons were traced using Neurolucida (MicroBrightFields Bioscience)
at 40� magnification. Only a neuron that was completely filled was used
for further tracing; thus, secondary and tertiary dendrites with spines were
visible. Analysis of neuronal tracings was performed by Neurolucida
Explorer software (MicroBrightFields Bioscience). To minimize bias, the ex-
perimenter remained blind to the treatment conditions throughout the pro-
cedure. For each animal, 2 or 3 well-stained LA/BLA or CeA neurons were
traced for evaluation. Sholl analysis was used to assess the morphologic
structure of dendrites, in which the radius interval of each section was set to
20mm, starting from 40mm and ending at a 200mm distance from the
soma. The length of dendrites was measured by Neurolucida 360
(MicroBrightFields Bioscience), and the density of dendritic spines was cal-
culated. The spine density was expressed as the number of spines per
100mmdendrite.

Western blot analysis
Synaptosomal fraction preparation. Synaptosomal fraction was

extracted using modified methods as described in previous studies
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(Dunah and Standaert, 2001; Li et al., 2017). Briefly, the CeA tissues
were homogenized in ice-chilled lysis buffer containing 0.32 M sucrose,
10 mM HEPES, 2 mM EDTA, and 1 mM PMSF. The extract was centri-
fuged at 1000� g for 10min to remove nuclei and large debris (P1). The
supernatant (S1) was centrifuged at 10,000 � g for 15min to obtain the
synaptosomal fraction (P2). The P2 pellet was solubilized with 1% SDS
in TEVP buffer containing 10 mM Tri-HCl, pH 7.4, 5 mM NaF, 1 mM
EDTA, 1 mM EGTA, 2 mM PMSF, and 1% SDS at 4°C for 1 h, and cen-
trifuged at 15,000 � g for 5min to get the supernatant. The concentra-
tion of protein was determined using a BCA assay kit (Pierce).

Western blotting. Equal amounts of protein samples (30mg) were
denatured and then separated through SDS-PAGE using 8% running
gels and transferred to a PVDF membrane (Bio-Rad). After blocking
with 5% nonfat milk in TBS and Tween (TBST, 20 mM Tris-HCl, pH 7.5,
150 mM NaCl, and 0.05% Tween-20) for 60min at room temperature,
the membrane was incubated with the following primary antibodies at
4°C overnight, respectively: mouse anti-rat GluA1 (1:1000, Abcam), rab-
bit anti-rat GluA2 (1:1000, Abcam), rabbit anti-pGluA1Sser831 (1:4000,
Millipore), rabbit anti-pGluA1Ser845 (1:5000, Millipore), mouse anti-
pGluA2Ser880 (1:1000, Abcam), and mouse anti-GAPDH (1:1000, ZSGB-
Bio). The blots were washed in TBST and then were incubated in
HRP-labeled goat anti-rabbit IgG (1:2000, ZSGB-Bio) or HRP-labeled
goat anti-mouse IgG (1:2000, ZSGB-Bio) secondary antibodies as
needed. Protein bands were visualized using an enhanced chemilumines-
cence detection kit (Pierce) followed by autoradiography using
Hyperfilm MP (Santa Cruz Biotechnology).

Electrophysiological studies
Amygdaloid slice preparation. After decapitation, the rat brain was

quickly dissected in oxygenated cutting solution (in mM as follows: 110
choline chloride, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1.3 NaH2PO4, 25
NaHCO3, 1.3 ascorbate sodium, 0.6 sodium pyruvate, and 25 glucose,
290-300 mOsm, equilibrated to pH ;7.4 with a mixture of 95% O2 and
5% CO2). Coronal brain slices (300mm thick) containing the amygdale
were prepared using a vibrating microtome (Leica Microsystems, VT
1000S). After incubation in oxygenated modified ACSF (in mM as fol-
lows: 125 NaCl, 2.5 KCl, 2.0 CaCl2, 1.3 MgCl2, 1.3 NaH2PO4, 25
NaHCO3, 25 glucose, 1.3 ascorbate sodium, and 0.6 sodium pyruvate,
300-310 mOsm, equilibrated to pH ;7.4 with a mixture of 95% O2 and
5% CO2) at 34°C for 1 h, a single brain slice was transferred to the re-
cording chamber and perfused continuously with the oxygenated ACSF
at ;2 ml/min. Only one or two brain slices per animal were used, one
neuron was recorded in each slice, and a fresh slice was used for each
new experimental protocol. Numbers in the manuscript refer to the
number of neurons tested for each parameter.

Field potential recording and LTP induction. Field EPSPs (fEPSPs)
were elicited by stimulating LA/BLA (cell bodies, including some fibers
of passage) with concentric bipolar tungsten electrodes (FHC) supplied
by a stimulator (STG4002, Multi-Channel Systems) and recorded in the
CeA with glass Ag/AgCl microelectrodes filled with 3 M NaCl (1–3
MV). Electrical stimuli (100 ms square-wave pulses) were delivered at
frequencies 0.033Hz. Input-output relationships were obtained by
increasing the stimulus intensity from 0.1 to 1.0mA in 0.1mA incre-
ments. For LTP induction, fEPSP amplitudes were adjusted to ;30% of
maximal response and recorded for 20min as baseline. Then, a condi-
tioning high-frequency stimulation (HFS) with the following protocols
was delivered as indicated, respectively: 1 train, 1� baseline intensity,
100Hz for 1 s, at 30 s intervals; 2 trains, 1� baseline intensity, 100Hz for
1 s, at 30 s intervals; 5 trains, 1� baseline intensity, 100Hz for 1 s, at 30 s
intervals; 5 trains, 2.5� baseline intensity, 100Hz for 1 s, at 30 s intervals.
Subsequent fEPSPs in response to the test stimulation were recorded for
at least 60min, and their amplitude quantified as a percentage change
with respect to baseline. Bicuculline (Sigma, 10 mM) was present in the
perfusion solution to block inhibitory synaptic transmission.

Whole-cell patch-clamp recording.Whole-cell patch-clamp recording
was performed on CeA neurons at room temperature using a
Multiclamp 700B amplifier and Digidata 1440A digitizer with Axon
pCLAMP 11 software (Molecular Devices). Neurons of the CeA were
visually identified by using an upright infrared microscope fitted with a

water immersion lens (Axioskop 2 FS plus, Carl Zeiss). The recording
pipette had a resistance of 5-8 MV when filled with an internal solution
containing the following (in mM): 128 CsCl, 10 HEPES, 10 EGTA, 10
TEACl, 1 QX314, 2 MgATP, 1 CaCl2, 2 NaCl, 280-300 mOsm, pH
adjusted to 7.2-7.4 with KOH. Voltage-clamp recordings were made to
measure EPSCs in CeA neurons at a holding potential of �70mV, with
both pipette and membrane capacitance cancellation, filtered at 2 kHz,
and digitized at 10 kHz. Membrane resistance and series resistance (Rs)
were monitored continuously during all experiments, with .20%
change in Rs resulting in the omission of that experiment.

Evoked EPSCs (eEPSCs) at the LA/BLA-CeA synapse were elicited
by electrical stimuli (100 ms duration, 0.1-1.0mA amplitude) of LA/BLA
at 0.05Hz with concentric bipolar tungsten electrodes (FHC), in oxygen-
ated recording ACSF containing GABAA receptor antagonist, bicucul-
line (10 mM). AMPAR-mediated eEPSCs (AMPAR currents) were
isolated by adding NMDAR antagonist, D-AP5 (50 mM) in bicuculline
(10mM) containing ACSF bath, and the amplitude of AMPAR-mediated
eEPSC was taken at the peak of synaptic response recorded at –70mV.
Current-voltage (I–V) relationship of AMPAR-mediated eEPSCs was
measured at different holding potentials ranging from –70 to 30mV in
20mV increments, and then plotted using eEPSC amplitude measured
at each membrane potential (normalized to averaged eEPSC amplitude
at –70mV). LTD was induced by low-frequency stimulation (LFS, 480
pulses at 1Hz) with postsynaptic cell depolarized to �50mV for 8 min.
After LFS, cells were held back to �70mV. For amplitude comparison
between responses, eEPSCs from 10min before the LTD induction pro-
tocol were averaged and compared with the averaged responses recorded
in 40min after LFS using a two-tailed paired t test.

Paired-pulse ratio (PPR) of eEPSCs was examined by delivering a
pair of electrical pulses (100 ms duration) with interpulse intervals (IPIs)
of 25, 50, 100, or 200ms to the LA/BLA-CeA pathway, given every 30 s.
Stimulation currents were titrated to achieve responses that were ;80%
of the maximum eEPSC amplitudes, which was on average 350-450 mA.
The PPR was defined as the ratio of the average amplitude of the second
eEPSC (eEPSC2) to that of the first eEPSC (eEPSC1) (eEPSC2/eEPSC1)
at the indicated time point.

For miniature EPSC (mEPSC) recording, TTX (1 mM) was added to
the ACSF to block action potential-dependent synaptic transmission in
the presence of bicuculline (10 mM). A fixed length of traces (5min) was
analyzed for frequency, amplitude, decay time, and rise time of mEPSCs
using MiniAnalysis program 6.0 (Synaptosoft). The root mean square of
the background noise was computed for each set of data. The detection
threshold for an event was set to 3-4 times the root mean square value.
The peaks were detected automatically, but each detected event was then
visually inspected to prevent the inclusion of false data.

Experimental design and statistical analysis
The experimental design is illustrated in the figures and described in fig-
ure legends. Images were carefully selected to show the average effect
obtained for each experimental condition. Statistical analyses were per-
formed with GraphPad Prism 8.0 for Windows (GraphPad Software).
All experiments were performed at least three independent experiments,
and all quantitative biochemical data and histologic staining are repre-
sentative of at least three independent biological replicates. Shapiro–
Wilk tests were used to assess normality in the distribution (Gaussian
distribution) for each group, and only the data were normally distributed
and variances were similar between groups to be compared were sub-
jected to parametric statistical tests; otherwise, specific nonparametric
tests were applied as indicated in the text. Two-tailed unpaired Student’s
t test was used for the comparison of the mean values between two
groups. One-way analysis of variance (ANOVA) with Tukey’s post hoc
test or two-way ANOVA (treatment and time factors) with Sidak’s post
hoc test was used for multiple comparison. All data are reported as mean
6 SEM, and differences with p, 0.05 were considered statistically
significant.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.
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Results
The amygdala critically contributes to the comorbid aversive
and depressive symptoms in neuropathic pain
Previously, we have revealed that the amygdala (especially the
CeA) plays an important role in neuropathic pain-related anxi-
ety-like behaviors in rats (Jiang et al., 2014). To determine
whether the amygdala is also a contributor to comorbid aversive
and depressive symptoms in neuropathic pain, we first identified
the pain-related aversion and depressive-like behaviors in a rat
model of neuropathic pain induced by SNL (Kim and Chung,
1992). In line with our previous reports (Geng et al., 2010; Jiang
et al., 2014; Ding et al., 2015), ligation of L5 spinal nerve in rats
produced stable mechanical allodynia, a behavioral sign of neu-
ropathic pain characterized by decreased PWT in response to a
series of von Frey filament stimuli (Jensen and Finnerup, 2014).
The decreased PWT emerged on day 1 after surgery (5.016 0.48
g SNL vs 13.426 0.63 g, p, 0.0001), lasted at least 5weeks after
surgery at the end of our observation (3.656 0.43 g SNL vs
12.576 0.76 g, p, 0.0001) (n=10, F(7,126) = 20.87; Fig. 1A).
Apart from comorbid anxiety-like behaviors in SNL rats with
pain allodynia observed in our previous study (Jiang et al., 2014),
we currently found that aversive emotion and depressive-like
symptoms also emerged in neuropathic pain rats following SNL
surgery (Fig. 1B-E). The nociceptive mCPA, a behavioral pheno-
type reflecting pain-related aversive emotion (i.e., the pain-
related CPA) (Johansen et al., 2001), was acquired in rats with
SNL surgery. The CPA score, represented by the time spent in
the pain-paired compartment in preconditioning session minus
the time spent in the same compartment in the test session
(Watanabe et al., 2002), was significantly increased in SNL-oper-
ated rats (93.006 18.28, n=14) compared with sham-operated
rats (�48.676 33.17, n=12) (p= 0.0007, t(24) = 3.89; Fig. 1B) at
3weeks after surgery, indicating that the SNL rats spent less time
in the pain-paired compartment on the postconditioning day
than that on the preconditioning day, and acquired pain-related
aversion. Also, the predator oCPA was performed to assess
whether the general CPA not related to pain is altered in the SNL
animals. The results showed that, although both SNL- and sham-
SNL rats exhibited evident avoidance of the predator-paired
chamber after 4 d exposure of predator odor, no significant dif-
ference in the oCPA score was observed between the two groups
(67.666 5.22 SNL vs 65.586 6.15 sham, n=10, p=0.7998, t(18)
= 0.26; Fig. 1C) at 3weeks after surgery.

To date, research in rodents has been dominated by two types
of assays designed to test for depressive-like behavior: behavioral
despair tests, such as the FST, and measures of anhedonia, such
as the SPT (Hales et al., 2014; Weinstock, 2017). We performed
SPT and FST at 3, 4, and 5weeks after surgery, and the results
revealed that, compared with sham-operated rats, the SNL-oper-
ated rats had a significantly lower preference for sucrose solution
(on day 35 after surgery: 62.036 6.92% SNL vs 83.136 4.90%
sham, n=12, p= 0.0024, F(3,76) = 1.98; Fig. 1D), and exhibited
more time of immobility (on day 35 after surgery: 92.896 9.91 s
SNL vs 50.896 7.09 s sham, n=9, p=0.0077, F(3,67) = 2.87; Fig.
1E) at 4 and 5weeks but not 3weeks after surgery, indicating
increased anhedonia and despair behaviors in neuropathic pain
rats. In addition, the inclined-plate test and rotarod test were
performed to assess whether the animal’s locomotor function
was impaired after SNL surgery. Similar to previous reports
(Kim and Chung, 1992; Jiang et al., 2014), no significant impair-
ment of locomotor activity was found in rats, as assessed by both
inclined-plate test (72.56 1.34° SNL vs 74.006 1.25° sham,
n= 10, p= 0.9462, F(1,36) = 0.17; Fig. 1F) and rotarod test

(92.836 11.53 s SNL vs 99.346 7.73 s sham, n= 10, p=0.6446,
t(18) = 0.47; Fig. 1G) at 5weeks after SNL surgery. Together, these
data suggest a comorbidity of aversive and depressive symptoms
with neuropathic pain in SNL-operated rats.

To further identify the contribution of the amygdala (espe-
cially the two main functional subnuclei, the LA/BLA and the
CeA), to comorbid aversive and depressive symptoms in neuro-
pathic pain, we investigated the effects of bilateral LA/BLA or
CeA electrolytic lesions on the components of pain sensory (me-
chanical allodynia) and pain emotion (pain-related aversion and
depressive-like symptoms) in SNL-operated rats. The results
showed that bilateral LA/BLA lesions did not affect the mechani-
cal allodynia of SNL-operated rats as indicated by the PWT in
response to von Frey filament stimuli (3.006 0.93 g LA/BLA
lesion vs 2.666 0.45 g sham lesion, n=9 LA/BLA lesion and
n= 8 sham lesion, p= 0.7520, t(15) = 0.32; Fig. 1H). However,
bilateral lesions of these subnuclei attenuated the SNL-induced
aversive emotion indicated by decreased CPA score (36.296
11.60 LA/BLA lesion vs 81.486 11.43 sham lesion, n= 12 LA/
BLA lesion and n= 9 sham lesion, p= 0.0139, t(19) = 2.71; Fig. 1I),
and partially rescued the depressive-like behaviors of neuro-
pathic pain rats assessed in SPT (57.776 4.76% LA/BLA lesion
vs 34.506 3.97% sham lesion, n= 11 LA/BLA lesion and n=8
sham lesion, p= 0.0024, t(17) = 3.56; Fig. 1J), although the lesions
of bilateral LA/BLA had no significant effect on the immobility
time of SNL-operated rats assessed in FST (p= 0.5559, t(16) =
0.60; Fig. 1K). In agreement with previous findings (Corder et
al., 2019), these results raise the possibility that the LA/BLA,
which serves as the main input of the amygdala receiving poly-
modal sensory information from the thalamus and cortex
(Neugebauer, 2015), probably mainly contributes to the negative
emotional components of chronic pain.

Unlike the LA/BLA, bilateral CeA lesions affected both sensory
and negative emotional components of neuropathic pain (Fig. 1L–
O). For instance, the SNL-induced reduction of ipsilateral PWT
was effectively restored in rats receiving bilateral CeA lesions
(7.116 1.07 g, n=15) compared with sham lesions (2.246 0.20 g,
n=14) (p=0.0002, t(27) = 4.34; Fig. 1L), supporting the key role of
the CeA in persistent pain processing (Neugebauer et al., 2004;
Kato et al., 2018). In addition, lesions of bilateral CeA to SNL rats
not only reduced the CPA score in CPA test (21.186 17.37 CeA
lesion vs 101.46 13.77 sham lesion, n=11 CeA lesion and n=14
sham lesion, p=0.0013, t(23) = 3.67; Fig. 1M), but also rescued the
decreased preference for sucrose solution in SPT (75.406 6.59%
CeA lesion vs 41.816 7.34% sham lesion, n=8 CeA lesion and
n=7 sham lesion, p=0.0046, t(13) = 3.42; Fig. 1N) and the
increased immobility time in FST (77.336 4.52 s CeA lesion vs
102.96 14.09 s sham lesion, n=12 CeA lesion and n=9 sham
lesion, p=0.0011, t(19) = 3.86; Fig. 1O) in SNL rats, indicating the
contribution of the CeA to the negative emotional components of
neuropathic pain.

Moreover, the results from inclined-plate test revealed that the
animal’s locomotor function was not impaired either after bilateral
LA/BLA electrolytic lesions (at 5weeks after surgery: 75.006 1.44°
lesion vs 74.446 1.02° sham lesion, n=9, p=0.9999, F(1,32) = 0.04;
Fig. 1P) or CeA electrolytic lesions (at 5weeks after surgery:
77.276 1.24° lesion vs 76.256 0.82° sham lesion, n=11 lesion
and n=8 sham lesion, p=0.9923, F(1,34) = 0.01; Fig. 1Q). Sites of
lesions were verified histologically and plotted on standard dia-
grams adapted from Paxinos and Watson (2014). Representative
images of histologic verification of electrolytic lesions were pre-
sented in Figure 1R (LA/BLA lesion) and Figure 1S (CeA lesion),
respectively.
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Figure 1. Distinct roles of LA/BLA and CeA in mediating sensory and negative emotional components of neuropathic pain in rats. A–E, Comorbid aversive and depressive symptoms in neuropathic
pain in rats receiving SNL surgery. A, PWT in response to von Frey filament stimuli in SNL and sham SNL groups (n=10 rats per group, F(7,126) = 20.87, p, 0.0001 vs sham, two-way repeated-measures
ANOVA with Sidak’s post hoc test). B, The nociceptive mCPA in SNL and sham SNL groups (n=12 rats in sham and n=14 rats in SNL, t(24) = 3.89, p=0.0007 vs sham on day 21 after surgery, two-
tailed unpaired Student’s t test). C, The predator oCPA in SNL and sham SNL groups (n=10 rats per group, t(18) = 0.26, p=0.7998 vs sham on day 21 after surgery, two-tailed unpaired Student’s t
test). D, SPT in SNL and sham SNL groups (n=9-12 rats per group, F(3,76) = 1.98, p=0.0141 and p=0.0024 vs sham on days 28 and 35 after surgery, two-way repeated-measures ANOVA with Sidak’s
post hoc test). E, FST in SNL and sham SNL groups (n=9-11 rats per group, F(3,67) = 2.87, p=0.0297 and p=0.0077 vs sham on days 28 and 35 after surgery, two-way repeated-measures ANOVA
with Sidak’s post hoc test). The same animals were tested repeatedly on different days for A, D, and E. F, G, Inclined-plate test (F) and rotarod test (G) in SNL and sham SNL rats (n=10 rats per group,
F(1,36) = 0.17, p=0.9462 vs sham at 5weeks after surgery, two-way ANOVA with Sidak’s post hoc test for F; t(18) = 0.47, p=0.6446 vs sham at 5 weeks after surgery, two-tailed unpaired Student’s t
test for G). H–K, Effects of bilateral LA/BLA electrolytic lesions on the pain sensitivity as well as the aversive and depressive-like symptoms of SNL-operated rats. L–O, Effects of bilateral CeA electrolytic
lesions on the pain sensitivity as well as the aversive and depressive-like symptoms of SNL-operated rats. H, L, PTW in response to von Frey filament stimuli measured on day 35 after surgery in lesion
and sham lesion groups. I, M, The mCPA measured on day 21 after surgery in lesion and sham lesion groups. J, N, SPT measured on day 35 after surgery in lesion and sham lesion groups. K, O, FST
measured on day 35 after surgery in lesion and sham lesion groups. *p, 0.05, **p, 0.01, ***p, 0.001, versus sham (two-tailed unpaired Student’s t test for H–O). P, Q, Inclined-plate test measured
on day 35 after surgery in lesion and sham lesion groups. n=9, F(1,32) = 0.04, p=0.9999 for P; n=8-11, F(1,34) = 0.01, p=0.9923 for Q, versus sham on day 35 after surgery (two-way ANOVA with
Sidak’s post hoc test). R, S, Histologically verified electrolytic lesion sites in LA/BLA (R) and CeA (S). Left, Photomicrograph of a histologic section stained with neutral red to illustrate the electrolytic lesion
sites in BLA and CeA (arrow). Right, Representative three coronal sections through the rat amygdala are shown in sequence from anterior to posterior. The numbers in the right margin indicate millimeters
posterior to the bregma. Filled circles in bilateral hemispheres represent the approximate positions of the electrolytic lesion sites corresponding to some representative rats in bilateral LA/BLA and CeA elec-
trolytic lesions groups, respectively.
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Figure 2. Alterations of spine density, basal synaptic properties of CeA neurons, and LTD at the LA/BLA-CeA synapse of SNL-operated rats. A, B, Morphologic plasticity of the CeA neurons in
sham- and SNL-operated rats. A, Representative images of Golgi-Cox–stained dendritic spines in the CeA neurons of sham- (left) and SNL-operated (right) rats. Scale bar, 20mm. B, Summary
plot of dendritic spine density expressed as the spine numbers per 100mm dendrite length (n= 13-15 neurons from 5 rats per group, t(26) = 3.74, p= 0.009 vs sham, two-tailed unpaired
Student’s t test). C–J, LTP of fEPSPs at the LA/BLA-CeA synapse recorded from the amygdaloid slices of sham- and SNL-operated rats. C–F, LTP induced by different protocols of a conditioning
HFS, including 1 train, 1� baseline intensity, 100 Hz for 1 s, at 30 s intervals (C); 2 trains, 1� baseline intensity, 100 Hz for 1 s, at 30 s intervals (D); 5 trains, 1� baseline intensity, 100 Hz for
1 s, at 30 s intervals (E); and 5 trains, 2.5� baseline intensity, 100 Hz for 1 s, at 30 s intervals (F). Histograms represent the mean time course of fEPSPs before and after HFS in sham and SNL
groups. Top, Traces are representative fEPSPs recorded at 10 min before and 60min after HFS of the LA/BLA. Calibration: 0.5 mV, 10ms. G–J, Bar graph represents the mean amplitude of
fEPSPs (% of baseline) during the 20-80 min following HFS. ***p, 0.001; ns, no statistical difference, compared between the SNL and the sham SNL groups (two-tailed unpaired Student’s t
test). K, Input-output relationship of fEPSP amplitude between the SNL and the sham SNL groups measured by increasing the stimulus intensity from 0.1 to 1.0 mA in 0.1 mA increment
(n= 23-27 slices from 10-12 rats, F(9,480) = 0.43, p. 0.05 compared between the SNL and the sham SNL groups, two-way ANOVA with Sidak’s post hoc test). L–N, LTD of eEPSCs at the LA/
BLA-CeA synapse in sham- and SNL-operated rats. L, Representative traces of eEPSCs before and after LFS. Calibration: 100 pA, 10ms. M, Average eEPSC amplitudes (normalized to baseline)
over the time course of the LFS protocol (480 pulses at 1 Hz with postsynaptic cell depolarized to �50mV). N, Average eEPSC amplitudes (normalized to baseline) are plotted during the 20-
60min following LFS (n= 5-8 rats per group, F(2,161) = 177.8, p, 0.0001 vs naïve and sham, one-way ANOVA with Tukey’s post hoc test). O, Input-output relationship of eEPSCs at the LA/
BAL-CeA synapse in sham- and SNL-operated rats. *p, 0.05, **p, 0.01, ***p, 0.001, SNL versus sham, n= 10-12 cells, F(9,200) = 1.83 (two-way ANOVA with Sidak’s post hoc test). P–R,
The intrinsic properties of CeA neurons, including threshold potential (P), input resistance (Q), and resting membrane potentials (R) in naïve, sham-, and SNL-operated rats. *p, 0.05,
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Collectively, these data suggest that the CeA, which receives
the highly integrated sensory and emotional information from
the LA/BLA, plays a critical role in mediating both pain hyper-
sensitivity and pain-related negative emotion, including aversive
and depressive-like symptoms of neuropathic pain.

Enhancement of LTD at the LA/BLA-CeA synapses in
neuropathic pain rats with comorbid aversive and
depressive-like symptoms
Maladaptive neuroplastic changes are a brain mechanism of
chronic pain (Kuner and Flor, 2016). To determine the involve-
ment of amygdala plasticity in comorbid aversive and depres-
sive-like symptoms in neuropathic pain, we first examined the
morphologic structure changes in neuronal somata and den-
drites of both CeA neurons and LA/BLA neurons by performing
Golgi-Cox staining for the brain tissues of SNL-operated rats at
4weeks when they emerged in pain hypersensitivity and pain-
related negative emotion (Figs. 2 and 3). The results showed that
the SNL-operated rats had significantly less dendritic spine den-
sity on the CeA neurons compared with the sham-operated rats
(in numbers/100mm dendrite: 16.936 2.34 SNL vs 30.226 2.62
sham, n=13 SNL and n= 15 sham, p= 0.0009, t(26) = 3.74; Fig.
2A,B), whereas no differences were found in the total and aver-
age dendrite length, the total numbers of dendrite nodes and
dendrite ends, as well as the dendrite length of order 1-4 dendrite
branches between the two groups (Fig. 3A–L).

In contrast, the dendritic spine density of LA/BLA neurons
was significantly increased in the SNL-operated rats compared
with the sham-operated rats (in numbers/100mm dendrite:
49.806 3.02 SNL vs 29.296 2.86 sham, n=15 SNL and n= 14
sham, p, 0.0001, t(27) = 4.92; Fig. 3X,Y). Also, a significant
increase in the total and average dendrite length, the total num-
bers of dendrite nodes and dendrite ends, as well as the dendrite
length of order 1–4 dendrite branches was found in the LA/BLA
neurons in SNL-operated rats compared with the sham-operated
rats (Fig. 3M–W).

Since dendritic spines usually serve as postsynaptic partners
mediating synaptic transmission, we then examined the func-
tional consequence of this structure change by using in vitro elec-
trophysiological recording from the amygdaloid slices at 4weeks
after surgery when SNL-operated rats emerged comorbid aver-
sive and depressive symptoms in neuropathic pain. We first
recorded baseline fEPSPs in the LA/BLA-CeA pathway at a fre-
quency of 0.033Hz and at a stimulation intensity adjusted to
give an fEPSP amplitude of;30% maximum response. Then we
applied the following four different protocols of HFS for induc-
ing LTP, respectively: 1 train of 100Hz stimulation for 1 s dura-
tion at an interval of 30 s with onefold baseline intensity (1 train,

100Hz for 1 s, 1� baseline intensity)-HFS; 2 trains, 100Hz for 1
s, 1� baseline intensity-HFS; 5 trains, 100Hz for 1 s, 1� baseline
intensity-HFS; and 5 trains, 100Hz for 1 s, 2.5� baseline inten-
sity-HFS. The results revealed that a reliable LTP of fEPSPs at
the LA/BLA-CeA synapse could be induced by each protocol of
HFS at both SNL-operated rats and sham-operated rats.
However, no significant difference in LTP amplitude was
observed between the two groups, except for a slight decrease in
mean amplitude of fEPSPs after HFS by the protocol of 1 train,
1� baseline intensity and 5 trains, 2.5� baseline intensity, in
SNL-operated rats compared with sham-operated rats (Fig. 2C–
J). Also, no significant difference in the input-output relationship
of fEPSP amplitude, as measured by increasing the stimulus in-
tensity from 0.1 to 1.0mA in 0.1mA increment, was found
between the SNL and the sham SNL groups (n=23-27 slices
from 10-12 rats, p. 0.05, F(9,480) = 0.43; Fig. 2K).

Furthermore, using whole-cell patch-clamp recording of the
eEPSC at the LA/BLA-CeA synapse in the presence of GABAA

receptor antagonist bicuculline (10 mM), we examined LTD of
eEPSC at the LA/BLA-CeA synapse induced by LFS consisting of
1Hz, 480 pulses combining postsynaptic depolarization to
�50mV for 8 min. We found that SNL surgery induced a sig-
nificant enhancement of LTD, as indicated by a decreased
mean eEPSC amplitude, at the LA/BLA-CeA synapse com-
pared with naïve and sham-operated rats (Fig. 2L–N). When
compared with the baseline responses (averaged at 0-10min
before LFS), the mean eEPSC amplitude after LFS was decreased
from 92.566 0.92% of the naïve group and 89.976 0.92% of the
sham-operated group to 65.746 1.38% of the SNL-operated
group (n=5-8 rats per group, p, 0.0001, F(2,161) = 177.8; Fig. 2N),
suggesting an enhanced LTD at the LA/BLA-CeA synapses in
neuropathic pain rats with comorbid aversive and depressive-
like symptoms. Additionally, the input-output relationship
of eEPSCs and the intrinsic properties of CeA neurons were
examined. The input-output relationship of eEPSCs revealed
that the eEPSC was significantly decreased in SNL rats com-
pared with sham SNL rats almost at all stimulation intensity.
The eEPSC amplitude was decreased from the stimulation
intensity of 0.3mA (51.586 19.93pA SNL vs 512.616 180.78pA
sham, p=0.0378) to the maximal stimulation intensity of 1.0mA
(906.076 105.52pA SNL vs 1372.786 162.24pA sham, p=0.0339)
used in this study (n=12 cells SNL and n=10 cells sham, F(9,200) =
1.83; Fig. 2O), which might reflect the loss of spines/synapses in
SNL rats. With respect to the intrinsic properties of CeA neurons,
the threshold potential was more hyperpolarized in SNL rats
(�50.456 1.08mV) than that in naïve (�44.736 1.55mV) and
sham SNL (�45.776 1.16mV) rats (n=18-24 cells, p=0.0051 SNL
vs naïve and p=0.0255 SNL vs sham, F(2,57) = 6.36; Fig. 2P).
However, there was no significant difference in the input resistance
(in V: 434.76 49.30 SNL vs 434.46 44.26 naïve and 360.56 36.67
sham, n = 18-27 cells, p. 0.9999 SNL vs naïve and p = 0.4606
SNL vs sham, F(2,63) = 0.86; Fig. 2Q) and the resting mem-
brane potentials (in mV: �62.706 2.38 SNL vs �68.326 2.58
naïve and �79.006 1.91 sham, n = 18-24 cells, p = 0.2154 SNL
vs naïve and p = 0.9445 SNL vs sham, F(2,65) = 2.07; Fig. 2R)
among the naïve, sham SNL, and SNL groups.

Then, we examined PPR of eEPSCs (McKernan and
Shinnick-Gallagher, 1997) and mEPSCs (Wyllie et al., 1994),
both of them may reflect basal synaptic properties in the CNS.
Two orthodromic synaptic stimuli of equal intensity were
applied at varying intervals, and the resulting EPSCs were
recorded in whole-cell voltage clamp for PPR analysis. Peak
amplitudes of the initial eEPSC (eEPSC1) and the second eEPSC

/

**p, 0.01, versus naïve and sham (one-way ANOVA with Tukey’s post hoc test). S, T, PPR
of eEPSCs evoked by a pair of electrical pulses (100 ms duration) with IPIs of 25, 50, 100, or
200 ms to the LA/BLA-CeA pathway, given every 30 s. S, Representative paired-pulse traces
of eEPSCs recorded from a CeA pyramidal cell in response to paired-pulse stimuli at different
IPIs as indicated. Calibration: 100 pA, 50ms. T, Summary plot for PPR of eEPSCs against IPIs
in naïve, sham-, and SNL-operated rats (n= 7–22 cells from 7–12 rats per group, F(6,138) =
0.06, p. 0.05 versus sham, two-way ANOVA with Sidak’s post hoc test). U–Y, mEPSCs
recorded in the CeA neurons in naïve, sham-, and SNL-operated rats. U, Representative traces
of mEPSCs in naïve, sham-, and SNL-operated rats. Calibration: 20 pA, 1 s. V–Y, Summary
plots for mean frequency (V), amplitude (W), rise time (X), and decay time (Y) of mEPSCs
measured in naïve, sham-, and SNL-operated rats, respectively (n= 15-31 cells from 12–15
rats per group). *p, 0.05, **p, 0.01, ***p, 0.001, versus naïve and sham (one-way
ANOVA with Tukey’s post hoc test).
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Figure 3. Golgi-Cox staining and Sholl analysis of CeA neurons and LA/BLA neurons in sham- and SNL-operated rats. A–L, CeA neurons. M-Y, LA/BLA neurons. A, M, Representative images
of Golgi-Cox–stained CeA neurons (A) and LA/BLA neurons (M) obtained from sham- (left) and SNL-operated (right) rats. Scale bar, 20mm. B, N, Representative CeA neuron (B) and LA/BLA
neuron (N) with concentric circles used for the Sholl analysis. The radius interval between the circles was set to 20mm per step, ranging from 40 to 200mm from the center of the neuronal
soma to the end of the dendrites. C, O, The numbers of dendritic intersections per circle were quantified (n= 13-15 neurons from 3 rats, F(8,194) = 0.15, p. 0.05 for C; n= 14 or 15 neurons
from 3 rats, F(8,243) = 3.08, *p, 0.05, **p, 0.01, ***p, 0.001 for O, compared between sham and SNL groups, two-way ANOVA with Sidak’s post hoc test). D–G, P–S, Comparisons of
total dendrite length (t(27) = 0.58, p= 0.5685 for B; t(27) = 2.80, p= 0.0093 for P), average dendrite length (t(27) = 0.63, p= 0.5347 for C; t(27) = 4.37, p= 0.0002 for Q), numbers of dendrite
nodes (t(27) = 0.63, p= 0.5360 for D; t(27) = 5.50, p, 0.0001 for R), and dendrite ends (t(27) = 0.57, p= 0.5734 for E; t(31) = 2.81, p= 0.0085 for S) of CeA neurons and LA/BLA neurons
between sham-operated and SNL-operated rats (n= 14 or 15 neurons from 3 rats, compared between sham and SNL groups, two-tailed unpaired Student’s t test). H, Neuronal reconstruction
of representative Golgi-Cox–stained CeA neurons used for dendrite branch order analysis. I–L, T–W, Comparisons of the dendrite length of order 1-4 dendrite branches of CeA neurons and LA/
BLA neurons between sham-operated and SNL-operated rats (n= 12-15 neurons from 3 rats). *p, 0.05, **p, 0.01, ***p, 0.001, compared between sham and SNL groups (two-way
ANOVA with Sidak’s post hoc test). X, Representative images of Golgi-Cox–stained dendritic spines in the LA/BLA neurons of sham- (left) and SNL-operated (right) rats. Scale bar, 20mm. Y,
Summary plot of dendritic spine density expressed as the spine numbers per 100mm dendrite length (n= 14 or 15 neurons from 5 rats per group, t(27) = 4.92, p, 0.0001 vs sham, two-tailed
unpaired Student’s t test).
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(eEPSC2) were measured as the difference between the current
level before the stimulus artifact and the peak of the eEPSC and
PPR was calculated as the ratio of eEPSC2 over eEPSC1. It is well
known that when two action potentials are elicited in close suc-
cession in the presynaptic cell, the second action potential trig-
gers the release of more vesicles than the first, because the release
probability remains transiently elevated because of the residual
Ca21 that remains in the nerve terminal after the first action
potential (Debanne et al., 1996). In the present study, stimulation
at different IPI, including 25, 50, 100, and 200ms were applied to
the LA/BLA in the presence of bicuculline (10 mM), for inducing
paired eEPSCs at the LA/BLA-CeA synapse. The results showed
that, in either SNL- or sham-operated rats, the second eEPSC
was typically larger than the first one at each IPI (Fig. 2S), indi-
cating a paired-pulse facilitation of eEPSC at the LA/BLA-CeA
synapse. However, no significant difference in the PPR of eEPSC
was observed at each IPI among naïve, sham-operated, and SNL-
operated rats (n=7-22 cells from 7-12 rats per group, p=0.9989,
F(6,138) = 0.06; Fig. 2T). These results indicate that, despite the
spine loss in the CeA neurons, the probability of release at the LA/
BLA-CeA synapse is probably not impaired in SNL-operated rats.

The mEPSC results from the spontaneous fusion of neuro-
transmitter-containing vesicles to the presynaptic terminal mem-
brane, and various factors affect the mEPSC frequency and
amplitude. Presynaptic changes at the transmitter release site
and changes in synapse number can affect mEPSC frequency
(Han and Stevens, 2009), whereas changes at the postsynaptic
membrane would alter mEPSC amplitude (quantal size) (Wyllie
et al., 1994; Han et al., 2005). In this study, we analyzed the
mEPSCs of CeA neurons in the presence of TTX (1mM) and bicu-
culline (10 mM) (to block action potential-mediated synaptic activ-
ity and GABAA receptors, respectively). Our data revealed that the
amplitude and decay time of mEPSCs were significantly decreased
in the CeA neurons of SNL-operated rats compared with naïve and
sham-operated rats (n=15-31 cells, amplitude: 16.356 0.59mV
SNL vs 19.636 0.58mV naïve and 20.456 0.74mV sham, p=
0.0006 SNL vs naïve and p=0.0003 SNL vs sham, F(2,66) = 10.92;
decay time: 2.146 0.12ms SNL vs 2.766 0.14ms naïve and
2.736 0.19ms sham, p=0.0064 SNL vs naïve and p=0.0368 SNL
vs sham, F(2,65) = 5.67) (Fig. 2U,W,Y). In contrast, no difference on
the frequency and rise time of mEPSCs was found among the three
groups (n=16-31 cells, frequency: p=0.6979 SNL vs naïve and
p=0.9602 SNL vs sham, F(2,66) = 0.34; rise time: p=0.7353 SNL vs
naïve and p=0.5097 SNL vs sham, F(2,65) = 0.64) (Fig. 2U,V,X).

Phosphorylation of postsynaptic AMPARs and reduction of
GluA2-containing AMPARs-mediated currents in the CeA
neurons of SNL-operated rats
Changes in the properties and postsynaptic abundance of
AMPARs are major mechanisms underlying various forms of
synaptic plasticity, including LTP and LTD (Diering and
Huganir, 2018). In particular, phosphorylation of AMPARs is
well known to play a pivotal role in the expression of synaptic
plasticity (Park, 2018). We hence examined changes in protein
abundance and phosphorylation levels of postsynaptic AMPARs
by using Western blotting from CeA synaptosomal fraction
extracted from SNL-operated rats at 4weeks after surgery when
they emerged comorbid aversive and depressive symptoms in
neuropathic pain (Fig. 4). The results showed that the total pro-
tein abundance of both GluA1 and GluA2 in the CeA synaptoso-
mal fraction was increased in SNL-operated rats compared with
naïve and sham-operated rats (GluA1: n=8, p= 0.0073 SNL vs
naïve and p=0.0007 SNL vs sham, F(2,21) = 10.68; GluA2: n=6,

p= 0.0235 SNL vs naïve and p=0.0109 SNL vs sham, F(2,15) =
6.82) (Fig. 4A,C,E,G,I,K). However, the phosphorylation level of
GluA1 at serine 845 residue (pGluA1Ser845) was decreased (n= 5,
p= 0.0066 SNL vs naïve and p=0.0131 SNL vs sham, F(2,12) =
8.75), whereas the phosphorylated GluA2 at serine 880 residue
(pGluA2Ser880) was increased (n=6 rats per group, p, 0.0001
SNL vs naïve and sham, F(2,15) = 35.73) in SNL-operated rats
compared with naïve and sham-operated rats (Fig. 4F,H,J,L). By
contrast, no significant difference in phosphorylated GluA1 at
serine 831 residue (pGluA1Ser831) was observed among the three
groups (n=5, p= 0.9190 SNL vs naïve and p= 0.8071 SNL vs
sham, F(2,12) = 0.20) (Fig. 4B,D). Phosphorylation of GluA1Ser831

and GluA1Ser845 is implicated in regulating GluA1-containing,
CP-AMPAR insertion into the postsynaptic membrane and facil-
itating LTP induction, whereas phosphorylation of GluA2Ser880 is
critical for promoting GluA2-containing, CI-AMPAR endocyto-
sis and leads to LTD (Diering and Huganir, 2018; Park, 2018).
Using whole-cell patch-clamp recording from amygdaloid slices
during 3-4weeks after surgery when comorbid aversive and
depressive symptoms in neuropathic pain emerged in SNL-oper-
ated rats, the AMPAR-mediated eEPSCs (AMPAR currents)
evoked at the LA/BLA-CeA synapse were recorded in the pres-
ence of D-AP5 (NMDAR antagonist, 50 mM) and bicuculline
(GABA receptor antagonist, 10 mM). Here, we applied D-AP5
and bicuculline to block both NMDARs and GABA receptors
activities, and subsequently recording the uncontaminated
AMPAR currents. Our results revealed that the AMPAR currents
were significantly decreased in SNL-operated rats (2.006 0.30 pA/
pF) compared with naïve (3.996 0.51 pA/pF) and sham-operated
rats (4.106 0.42 pA/pF) (n=16-26 cells, p=0.0013 SNL vs naïve
and p=0.0020 SNL vs sham, F(2,51) = 10.09; Fig. 5A), indicating
the reduction of functional AMPARs on the membrane surface of
CeA neurons in neuropathic rats. Based on the fact that GluA2-
lacking AMPARs are Ca21-permeable and show an inward rectifi-
cation I–V relationship, whereas GluA2-containing AMPARs are
Ca21-impermeable and have a linear I–V relationship (Greger et
al., 2017), we further identified the subunit components of the
reduced AMPARs on the membrane surface of CeA neurons in
SNL rats by examining the I–V relationship of AMPAR-mediated
eEPSC at the LA/BLA-CeA synapse. Interestingly, a consistent,
linear I–V relationship curve emerged among naïve, sham-oper-
ated, and SNL-operated rats, and no significant difference on the
I–V relationship curve was found among the three groups (n=9-
17 cells, p=0.9997, F(10,183) = 0.11; Fig. 5B). Moreover, we applied
a selective CP-AMPAR antagonist, NASPM (50 mM), to block
GluA2-lacking AMPARs (Gerace et al., 2014), and found that
NASPM was not able to inhibit the AMPAR-mediated eEPSC at
the LA/BLA-CeA synapse either in SNL-operated rats or in naïve
or sham-operated rats (n=5 or 6 rats per group, p. 0.9999 SNL
vs naïve p. 0.9999 SNL vs sham, and p=0.9998 sham vs naïve
F(2,12) = 0.0001; Fig. 5C,D). These results suggest that, the GluA2-
containing, CI-AMPARs are probably partly responsible for the
reduction of AMPAR-mediated eEPSCs (AMPAR currents)
evoked at the LA/BLA-CeA synapse in SNL rats.

GluA2-containing AMPAR endocytosis contributes to LTD
at the LA/BLA-CeA synapse and comorbid aversive and
depressive symptoms in neuropathic pain in SNL-operated
rats
To further determine whether the GluA2-containing AMPAR
endocytosis is required for LTD at the LA/BLA-CeA synapse and
comorbid aversive and depressive symptoms in neuropathic pain
in rats following peripheral nerve injury, two synthetic peptides,
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pep2-EVKI and Tat-GluA2(3Y), were administered to prevent the
GluA2-containing AMPARs trafficking and endocytosis from
synapses, and the effects on LTD at the LA/BLA-CeA synapse as
well as the effects on pain hypersensitivity and pain-related aver-
sive and depressive symptoms were examined in amygdaloid sli-
ces of neuropathic rats in vitro and in SNL-operated rats in vivo,
respectively (Fig. 6). Pep2-EVKI, which mimics C terminus resi-
dues of GluA2, disrupts the interactions between GluA2 and pro-
tein interacting with C-kinase (PICK1) (Daw et al., 2000), and
subsequently prevents GluA2-containing AMPARs trafficking to
and from the plasma membrane (Famous et al., 2008), whereas
Tat-GluA2(3Y), a synthetic peptide containing a short C-terminal
sequence of GluA2, has been proven to prevent GluA2-contain-
ing AMPAR endocytosis from synapses (Brebner et al., 2005;
Benneyworth et al., 2019). In the in vitro experiments, we found

that either preincubated amygdaloid slices with pep2-EVKI
(100 mM) to prevent GluA2-containing AMPARs trafficking to
and from the plasma membrane (Fig. 6A–C), or with Tat-
GluA2(3Y) (10 mM) to block GluA2-containing AMPAR endocy-
tosis from synapses (Fig. 6I–K), abrogated the SNL-induced
enhancement of LTD at the LA/BLA-CeA synapse compared
with their corresponding control peptide (inactive or nonfunc-
tional peptide), pep2-SVKE (100mM), and Tat-GluA2(3A) (10mM).
Compared with the baseline responses (averaged at 0-10min
pre-LFS), the mean eEPSC amplitude after LFS (20-60min
post-LFS) was 72.056 1.51 of pep2-EVKI (functional peptide)
versus 38.016 1.60 of pep2-SVKE (control peptide) (n= 7–10
rats per group, p, 0.0001, t(131) = 15.07; Fig. 6C), and
106.06 1.01 of Tat-GluA2(3Y) (active peptide) versus 38.786
1.82 of Tat-GluA2(3A) (inactive peptide) (n= 4 or 5 rats per

Figure 4. Reduction of phosphorylated GluA1Ser845 and elevation of phosphorylated GluA2Ser880 in the CeA synaptosomal fraction of SNL-operated rats. A–D, Western blot of GluA1 and phos-
phorylated GluA1 at serine 831 residue (pGluA1Ser831) expression in the CeA synaptosomal fraction of naïve, sham-, and SNL-operated rats. A, Representative of Western blot bands, GAPDH is
used as an internal control. B–D, Summary plots for the relative intensity of pGluA1Ser831 and GluA1, and ratio of pGluA1Ser831/GluA1 (n= 5-8 rats per group). **p, 0.01, ***p, 0.001, ver-
sus naïve and sham (one-way ANOVA with Tukey’s post hoc test). E–H, Western blot of GluA1 and phosphorylated GluA1 at serine 845 residue (pGluA1Ser845) expression in the CeA synaptoso-
mal fraction of naïve, sham-, and SNL-operated rats. E, Representative of Western blot bands. F–H, Summary plots for the relative intensity of pGluA1Ser845 and GluA1, and ratio of
pGluA1Ser845/GluA1 (n= 5-8 rats per group). *p, 0.05, **p, 0.01, ***p, 0.001, versus naïve and sham (one-way ANOVA with Tukey’s post hoc test). I–L, Western blot of GluA2 and phos-
phorylated GluA2 at serine 880 residue (pGluA2Ser880) expression in the CeA synaptosomal fraction of naïve, sham-, and SNL-operated rats. I, Representative of Western blot bands. J–L,
Summary plots for the relative intensity of pGluA2Ser880 and GluA2, and ratio of pGluA2Ser880/GluA2 (n= 5 or 6 rats per group). *p, 0.05, **p, 0.01, ***p, 0.001, versus naïve and sham
(one-way ANOVA with Tukey’s post hoc test).
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group, p, 0.0001, t(104) = 31.26; Fig. 6K), respectively.
Consistently, results from the in vivo experiments revealed that
bilateral microinjection of either pep2-EVKI (10mg/ml, 0.5ml
per side) or Tat-GluA2(3Y) (75 pmol, 0.5ml per side) into the
CeA at 1 h before behavioral test could effectively restore the
SNL-induced mechanical allodynia (Pep2-EVKI: n= 9-14 rats
per group, p, 0.0001 post-treatment: Pep2-EVKI vs post-

treatment: Pep2-SVKE, F(2,66) = 17.84, Fig. 6D; Tat-GluA2(3Y):
n= 9-17 rats per group, p, 0.0001 post-treatment: Tat-
GluA2(3Y) vs post-treatment: Tat-GluA2(3A), F(2,75) = 51.09, Fig.
6L) and comorbid aversive and depressive symptoms in SNL-
operated rats, as indicated in CPA test (Pep2-EVKI: n= 7-10
rats per group, p= 0.0014 post-treatment: Pep2-EVKI vs post-
treatment: Pep2-SVKE, F(2,48) = 5.69, Fig. 6E; Tat-GluA2(3Y):

Figure 5. Reduction of GluA2-containing AMPAR-mediated EPSCs at the LA/BLA-CeA synapse in SNL-operated rats. A, Whole-cell voltage-clamp recording of AMPAR-mediated EPSCs evoked
by stimulating the LA/BLA-CeA synapses in the presence of D-AP5 (50 mM) in bicuculline (10 mM) containing ACSF bath (to block both NMDAR and GABA receptor activities, and subsequently
recording the uncontaminated AMPAR currents). Top, Traces of AMPAR-mediated eEPSCs (AMPAR currents) in naïve, sham-, and SNL-operated rats. Calibration: 100 pA, 50 ms. Bottom,
Summary plot for the amplitude of AMPAR currents (normalized to membrane capacitance, in pA/pF) in naïve, sham-, and SNL-operated rats (n= 16 cells/3 naïve rats, 12 cells/3 sham rats,
and 26 cells/4 SNL rats, F(2,51) = 10.09, p= 0.0013 vs naïve and p= 0.002 vs sham, one-way ANOVA with Tukey’s post hoc test). B, I–V relationship of averaged AMPAR-mediated eEPSCs at
different holding potentials ranging from –70 to 30mV in 20mV increments (normalized to averaged eEPSC amplitude at –70mV), and plot of pooled data were linear in naïve, sham-, and
SNL-operated rats (n= 9-17 cells from 5-7 rats per group, F(10,183) = 0.11, p. 0.05, SNL vs naïve, SNL vs sham, and naïve vs sham, two-way ANOVA with Sidak’s post hoc test). C, D, Bath
application of GluA2-lacking AMPAR antagonist NASPM (50 mM) did not affect the AMPAR-mediated eEPSCs (AMPAR currents) in all groups. C, Dot plots for the effects of NASPM (50 mM)
application on normalized AMPAR currents (ratio of after treatment to before treatment) over the time course. Inset, Traces of AMPAR-mediated eEPSCs obtained from the recording before
(left) and after (right) NASPM application. Calibration: 100 pA, 30 ms. D, Summary histogram illustrating the inhibitory rate of NASPM on AMPAR-mediated eEPSCs in naïve, sham-, and SNL-
operated rats (n= 5 or 6 rats per group, F(2,12) = 0.0001, p. 0.9999 vs naïve and sham, one-way ANOVA with Tukey’s post hoc test).
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Figure 6. Disruption of GluA2-containing AMPAR endocytosis by the peptides abrogates the enhanced LTD at the LA/BLA-CeA synapse and comorbid aversive and depressive symptoms in neuropathic
pain in SNL-operated rats. A–C, Preventing GluA2-containing AMPARs (GluA2-AMPARs) trafficking to and from the plasma membrane by pep2-EVKI peptide inhibits the enhancement of LTD at the LA/
BLA-CeA synapse in SNL-operated rats. A, Representative traces of AMPAR-mediated eEPSCs at the LA/BLA-CeA synapse before and after LFS (480 pulses at 1 Hz with postsynaptic cell depolarized to
�50mV) in the presence of either pep2-EVKI peptide (100mM) or control peptide pep2-SVKE (100mM) in bicuculline (10mM) and D-AP5 (50mM) containing ACSF bath (to block both NMDARs and
GABA receptor activities, and subsequently recording the uncontaminated AMPAR currents). Calibration: 100 pA, 10ms. B, Average eEPSC amplitudes (normalized to baseline) over the time course of the
LFS protocol in pep2-EVKI and pep2-SVKE groups. C, Average eEPSC amplitudes (normalized to baseline) are plotted during the 20-60min following LFS in pep2-EVKI and pep2-SVKE groups (n=7–10
rats, t(131) = 15.07, p, 0.0001 compared between pep2-EVKI and pep2-SVKE groups, two-tailed unpaired Student’s t test). D–G, Bilateral microinjection of pep2-EVKI (10mg/ml, 0.5ml per side) in the
CeA attenuates comorbid aversive and depressive-like symptoms in neuropathic pain in SNL-operated rats. D, PWT in response to von Frey filament stimuli in pep2-EVKI and pep2-SVKE groups (n=9–14
rats per group, F(2,66) = 17.84, p, 0.0001 vs pep2-SVKE post-treatment, two-way ANOVA with Sidak’s post hoc test). E, CPA test (n=7-10 rats per group, F(2,48) = 5.69, p=0.0014 vs pep2-SVKE post-
treatment, two-way ANOVA with Sidak’s post hoc test). F, SPT (n=8 rats pep2-SVKE and 9 rats pep2-EVKI, F(1,30) = 4.33, p=0.0092 vs pep2-SVKE post-treatment, two-way ANOVA with Sidak’s post hoc
test). G, FST (n=9 or 10 rats per group, F(1,33) = 4.88, p=0.0123 vs pep2-SVKE post-treatment, two-way ANOVA with Sidak’s post hoc test). I-O, Preventing GluA2-AMPAR endocytosis by Tat-GluA2(3Y)
peptide inhibits the enhancement of LTD at the LA/BLA-CeA synapse in SNL-operated rats. I, Representative traces of AMPAR-mediated eEPSCs at the LA/BLA-CeA synapse before and after LFS in the pres-
ence of either Tat-GluA2(3Y) peptide (10 mM) or control peptide Tat-GluA2(3A) (10 mM) in bicuculline (10 mM) and D-AP5 (50 mM) containing ACSF bath. Calibration: 100 pA, 10ms. J, Average eEPSC
amplitudes (normalized to baseline) over the time course of the LFS protocol in Tat-GluA2(3Y) and Tat-GluA2(3A) groups. K, Average eEPSC amplitudes (normalized to baseline) are plotted during the 20-
60min following LFS in Tat-GluA2(3Y) and Tat-GluA2(3A) groups (n=4 rats Tat-GluA2(3A) and n=5 rats Tat-GluA2(3YA), t(104) = 31.26, p, 0.0001 compared between Tat-GluA2(3Y) and Tat-GluA2(3A)
groups, two-tailed unpaired Student’s t test). L-O, Bilateral microinjection of GluA2(3Y) (75 pmol, 0.5ml per side) in the CeA attenuates comorbid aversive and depressive-like symptoms in neuropathic
pain in SNL-operated rats. L, PWT in response to von Frey filament stimuli in Tat-GluA2(3Y) and Tat-GluA2(3A) groups (n=9-17 rats per group, F(2,75) = 51.09, p, 0.0001 vs Tat-GluA2(3A) post-treatment,
two-way ANOVA with Sidak’s post hoc test). M, CPA test (n=9-14 rats per group, F(2,26) = 8.41, p=0.0002 vs Tat-GluA2(3A) post-treatment, two-way ANOVA with Sidak’s post hoc test). N, SPT (n=10-
12 rats per group, F(1,40) = 5.28, p=0.0029 vs Tat-GluA2(3A) post-treatment, two-way ANOVA with Sidak’s post hoc test). O, FST (n=9 rats per group, F(1,32) = 4.81, p=0.0349 vs Tat-GluA2(3A) post-
treatment, two-way ANOVA with Sidak’s post hoc test). H, P, Inclined-plate test measured before and after peptide microinjection in pep2-EVKI/pep2-SVKE (H) and Tat-GluA2(3Y)/Tat-GluA2(3A) (P) groups.
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n= 9-14 rats per group, p= 0.0002 post-treatment: Tat-
GluA2(3Y) vs post-treatment: Tat-GluA2(3A), F(2,64) = 8.41, Fig.
6M), SPT (Pep2-EVKI: n= 8 or 9 rats per group, p= 0.0092
post-treatment: Pep2-EVKI vs post-treatment: Pep2-SVKE,
F(1,30) = 4.33, Fig. 6F; Tat-GluA2(3Y): n= 10-12 rats per group,
p= 0.0029 post-treatment: Tat-GluA2(3Y) vs post-treatment:
Tat-GluA2(3A), F(1,40) = 5.28, Fig. 6N), and FST (Pep2-EVKI:
n= 9 or 10 rats per group, p= 0.0132 post-treatment: Pep2-
EVKI vs post-treatment: Pep2-SVKE, F(1,33) = 4.88, Fig. 6G;
Tat-GluA2(3Y): n= 9 rats per group, p= 0.0349 post-treatment:
Tat-GluA2(3Y) vs post-treatment: Tat-GluA2(3A), F(1,32) = 4.81,
Fig. 6O), respectively. Moreover, the results from inclined-plate
test revealed that the animal’s locomotor function was not
impaired either after pep2-EVKI/pep2-SVKE or Tat-GluA2(3Y)/
Tat-GluA2(3A) microinjection (Fig. 6H,P).

Additionally, the effects of these peptides on sham SNL rats
were examined to test the specificity of the peptides (Fig. 7). The
results from patch-clamp recording of amygdaloid slices showed
that either preincubated amygdaloid slices with pep2-EVKI
(100 mM) or with Tat-GluA2(3Y) (10 mM) had no significant
effect on the LTD at the LA/BLA-CeA synapse compared with
their corresponding control peptide (inactive or nonfunctional
peptide), pep2-SVKE (100 mM), and Tat-GluA2(3A) (10 mM)
(Fig. 7A,B,G,H). Likewise, results from the in vivo experiments
revealed that, compared with their corresponding control pep-
tide (pep2-SVKE or Tat-GluA2(3A)), bilateral microinjection of
either pep2-EVKI (10mg/ml, 0.5ml per side) or Tat-GluA2(3Y)
(75 pmol, 0.5ml per side) into the CeA at 1 h before behavioral
test, had no significant effect on the PWT (Fig. 7C,I), the CPA
score (Fig. 7D,J), as well as on the sucrose preference (Fig. 7E,K)

Figure 7. Effects of microinjection of the peptides (pep2-EVKI/pep2-SVKE or Tat-GluA2(3Y)/Tat-GluA2(3A)) in bilateral CeA on LTD, pain sensitivity, and pain-related negative emotion in sham-
operated rats. A–F, pep2-EVKI/pep2-SVKE. G-L, Tat-GluA2(3Y)/Tat-GluA2(3A). A, B, G, H, Effects of microinjection of the peptides on LTD of eEPSCs at the LA/BLA synapse. A, G, Representative
traces of eEPSCs before and after LFS in pep2-EVKI/pep2-SVKE (A) and Tat-GluA2(3Y)/Tat-GluA2(3A) (G) groups. Calibration: 100 pA, 10 ms. B, H, Average eEPSC amplitudes (normalized to base-
line) over the time course of the LFS protocol (480 pulses at 1 Hz with postsynaptic cell depolarized to�50mV). C-F, I-L, Effects of microinjection of the peptides on pain sensitivity and pain-
related negative emotion indicated by the PWT (C,I), CPA score (D,J), SPT (E,K), and immobility time in FST (F,L) in sham-operated rats (n= 6 rats per group). p. 0.05 (two-way ANOVA with
Sidak’s post hoc test). M, N, Histologically verified microinjection sites in the CeA. M, Examples of the Nissl-stained coronal section to illustrate the track of the microinjection cannula and the
tip placement (as arrow shows) in left and right CeA. N, Representative four coronal sections through the rat amygdala are shown in sequence from anterior to posterior. Numbers in the right
margin indicate millimeters posterior to the bregma. Filled circles in bilateral hemispheres represent the approximate positions of the cannula tips corresponding to some representative rats in
the intra-CeA microinjection group. Diagrams are adapted from Paxinos and Watson (2014) and show coronal sections through bilateral hemispheres at different levels posterior to the bregma.
Scale bar, 500mm.
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and the immobility time in the FST (Fig. 7F,L). Representative
images of histologic verification of microinjection sites are pre-
sented in Figure 7M, N.

Furthermore, to determine the long-lasting effects of both
pep2-EVKI and Tat-GluA2(3Y) on comorbid aversive and
depressive symptoms in neuropathic pain, we performed addi-
tional experiments to examine the actions of intra-CeA overex-
pressing pep2-EVKI or Tat-GluA2(3Y) by infecting lentivirus-
expressing pep2-EVKI or Tat-GluA2(3Y) linked with EGFP tag
(abbreviated as LV-pep2-EVKI and LV-Tat-GluA2(3Y), respec-
tively) to bilateral CeA neurons before SNL surgery to rats.
Using immunofluorescence staining of GFP with NeuN (the
neuronal marker), GFAP (the astrocyte marker), and Ibal-1 (the
microglial cells marker) in the CeA tissues from the lentivirus
injected rats, we observed a prominent GFP-positive expression
with NeuN, as well as a few GFP-positive expressions with GFAP
or Ibal-1 (Fig. 8) in the CeA. As expected, overexpression of ei-
ther pep2-EVKI or Tat-GluA2(3Y) in bilateral CeA neurons of
SNL rats could significantly prevent the decrease in spine density
of CeA neurons, abrogate the enhanced LTD at the LA/BLA-CeA
synapse of SNL rats, and attenuate the SNL-induced neuropathic
pain and pain-related aversive and depressive-like behaviors last at
least for 5weeks after surgery until experiment termination (Fig.
9). Compared with their control peptides (pep2-SVKE, Tat-
GluA2(3A)), overexpression of either pep2-EVKI or Tat-GluA2(3Y)
produced a significant increase in dendritic spine density of CeA
neurons in SNL rats (Fig. 9A–D) (in numbers/100mm dendrite:
35.216 2.80 pep2-EVKI vs 17.156 1.51 pep2-SVKE, n=14 pep2-
EVKI and n=13 pep2-SVKE, p, 0.0001, t(25) = 5.54, Fig. 9B;
32.546 2.74 Tat-GluA2(3Y) vs 17.506 1.43 Tat-GluA2(3A), n=14
Tat-GluA2(3Y) and n=13 Tat-GluA2(3A), p, 0.0001, t(25) = 4.98,
Fig. 9D). Moreover, overexpression of either pep2-EVKI or Tat-
GluA2(3Y) could significantly inhibit the enhanced LTD at the LA/
BLA-CeA synapse in SNL rats (Fig. 9E–G,M–O). Compared with
the baseline responses (averaged at 0-10min pre-LFS), the mean
eEPSC amplitude after LFS (20-60min post-LFS) was 91.256
0.93 of pep2-EVKI OE (functional peptide) versus 47.456 0.81 of
pep2-SVKE OE (control peptide) (n=5 rats per group, p,
0.0001, t(78) = 35.48; Fig. 9G), and 94.386 1.05 of Tat-GluA2(3Y)
OE (active peptide) versus 58.116 0.88 of Tat-GluA2(3A) OE
(inactive peptide) (n=5 rats per group, p, 0.0001, t(78) = 26.58;
Fig. 9O), respectively. The behavioral results showed that overex-
pression of either pep2-EVKI or Tat-GluA2(3Y) could abrogate the
decreased PWT of SNL-operated rats on day 35 after surgery
(Pep2-EVK: n=9-11 rats per group, p, 0.0001, Pep2-EVKI OE
vs Pep2-SVKE OE, F(1,36) = 82.03, Fig. 9H; Tat-GluA2(3Y): n=9
rats per group, p, 0.0001, Tat-GluA2(3Y) OE vs Tat-GluA2(3A)
OE, F(1,32) = 35.27, Fig. 9P). Similarly, the enhanced CPA score
(Pep2-EVK: n=9-11 rats per group, p=0.0033 Pep2-EVKI OE vs
Pep2-SVKE OE, F(1,36) = 7.40, Fig. 9I; Tat-GluA2(3Y): n=9 rats per
group, p=0.0001, Tat-GluA2(3Y) OE vs Tat-GluA2(3A) OE, F(1,36)
= 12.91, Fig. 9Q), the reduced sucrose preference (Pep2-EVK:
n=9-11 rats per group, p, 0.0001, Pep2-EVKI OE vs Pep2-
SVKE OE, F(1,36) = 23.45, Fig. 9J; Tat-GluA2(3Y): n=9 rats per
group, p, 0.0001, Tat-GluA2(3Y) OE vs Tat-GluA2(3A) OE, F(1,32)
= 31.71, Fig. 9R), and the increased immobility time in the FST
(Pep2-EVK: n=9-11 rats per group, p=0.0048, Pep2-EVKI OE vs
Pep2-SVKE OE, F(1,36) = 8.94, Fig. 9K; Tat-GluA2(3Y): n=9 rats
per group, p=0.0027, Tat-GluA2(3Y) OE vs Tat-GluA2(3A) OE,
F(1,32) = 8.47, Fig. 9S) in SNL-operated rats were rescued by intra-
CeA overexpressing pep2-EVKI or Tat-GluA2(3Y) compared with
their control peptides (pep2-SVKE, Tat-GluA2(3A)). Also, the
results from inclined-plate test revealed that the animal’s

locomotor function was not impaired after overexpressing either
pep2-EVKI/pep2-SVKE or Tat-GluA2(3Y)/Tat-GluA2(3A) in the
CeA in SNL rats (Fig. 9L,T). Together, these data present solid evi-
dence supporting our hypothesis that, the endocytosis of GluA2-
containing AMPARs contributes to the LTD at the LA/BLA-CeA
synapse and the comorbid aversive and depressive symptoms in
neuropathic pain in SNL-operated rats.

Discussion
A recent study has shown that the CeA is a pivotal relay station
in a specific serotonergic pathway from the dorsal raphe nucleus
to the lateral habenula in governing comorbid depressive symp-
toms in chronic pain (Zhou et al., 2019), whereas Corder et al.
(2019) have identified in the BLA a critical neural ensemble tar-
get that mediates aversive chronic pain unpleasantness. To deter-
mine the key subregions of the amygdala that are involved in
sensory and negative emotional components of neuropathic
pain, we performed bilateral LA/BLA or CeA electrolytic lesions
to SNL-operated rats before surgery. In line with Corder et al.
(2019) reports showing that, silencing the BLA nociceptive en-
semble alleviates aversive pain unpleasantness without altering
the sensory detection of noxious stimuli or withdrawal reflexes,
we found that bilateral LA/BLA lesions only attenuated aversive
emotion and partly inhibited depressive-like behaviors, but did
not affect pain sensitivity itself in SNL-operated rats, implying
the main contribution of the LA/BLA in the emotional-affective
dimension of pain processing. In contrast, bilateral lesions of
CeA not only alleviated pain hypersensitivity but also abrogated
aversive and depressive symptoms of neuropathic rats, suggest-
ing the key role of CeA in processing both sensory and negative
emotional-affective components of chronic pain. It has been
demonstrated that the latero-capsular part of the CeA, which is
termed nociceptive amygdala, receives nociceptive-specific infor-
mation directly from the spinal cord and brainstem through the
spino-parabrachio-amygdaloid pain pathway, whereas the LA/
BLA, which receives polymodal sensory information, including
emotional-affective information from cortical and thalamic
areas, is relayed to the CeA. The CeA integrates polysensory and
nociceptive-specific information, attaching emotional signifi-
cance to painful stimuli (Thompson and Neugebauer, 2017).
These findings may partly explain that, although the LA/BLA-
CeA synaptic transmission is important, the lesion of LA/BLA
only affects the emotional components but not sensory compo-
nents of pain, whereas the lesion of CeA affects both sensory and
emotional components of pain.

Structural and functional neuroplasticity in the amygdala is
implicated in stress response, emotional processing, neuro-
psychiatric disorders, and the emotional-affective dimension of
pain (Qiao et al., 2016; Thompson and Neugebauer, 2017).
Chronic stress causes an increase in dendritic arborization and
spine density on pyramidal neurons of the BLA (Mitra et al.,
2005; Qin et al., 2011; Padival et al., 2013) but not the CeA (Vyas
et al., 2003; Cui et al., 2008); and these neuroplastic changes are
highly related to stress-induced anxiety (Patel et al., 2018; Zhang
et al., 2019) and depressive-like behaviors (Yi et al., 2017; Yang et
al., 2020). Our present data showed that the SNL-operated rats
had less dendritic spine density on the CeA neurons at 4weeks
after surgery when they emerged pain hypersensitivity and pain-
related negative emotion, supporting the understanding that
plastic changes in the CeA are also important for comorbid aver-
sive and depressive-like symptoms in neuropathic pain. We
speculated that these discrepant findings are probably because of
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Figure 8. Histologic identification of lentiviral expression and infected target cells using immunofluorescence staining with GFP and NeuN, GFAP, or Iba-1 in the CeA. Staining was performed
on day 35 post-SNL/sham SNL surgery. Shown are representative images for the immunofluorescence staining of GFP (green) with NeuN (a neuronal marker), GFAP (an astrocyte marker), Iba-
1 (a microglial marker), and DAPI (the nuclear marker) in the CeA tissue in sham-operated or SNL-operated rats, which received microinjection of lentivirus-expressing pep2-EVKI, pep2-SVKE,
Tat-GluA2(3Y), and Tat-GluA2(3A), respectively. Scale bar, 25mm. n= 3 biological replicates.
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Figure 9. Effects of overexpressing pep2-EVKI or Tat-GluA2(3Y) in bilateral CeA neurons on spine density, LTD, as well as pain sensitivity and pain-related negative emotion in SNL-operated
rats. A-D, Spine density of CeA neurons. A, C, Representative images of Golgi-Cox–stained dendritic spines in the CeA neurons overexpressed pep2-EVKI/pep2-SVKE (A) or Tat-GluA2(3Y)/Tat-
GluA2(3A) (C). B, D, Summary plot of dendritic spine density expressed as the spine numbers per 100mM dendrite length (n= 13 or 14 neurons from 5 rats per group, t(25) = 5.54 for B,
t(25) = 4.50 for D). p, 0.0001 vs control peptide (two-tailed unpaired Student’s t test). E–G, M–O, LTD of eEPSCs at the LA/BLA synapse. E, M, Representative traces of AMPAR-mediated
eEPSCs at the LA/BLA-CeA synapse before and after LFS (480 pulses at 1 Hz with postsynaptic cell depolarized to�50mV) in bicuculline (10mM) and D-AP5 (50mM) containing ACSF bath in
SNL rats overexpressed pep2-EVKI/pep2-SVKE (E) or Tat-GluA2(3Y)/Tat-GluA2(3A) (M). Calibration: 100 pA, 10ms. F, N, Average eEPSC amplitudes (normalized to baseline) over the time course
of the LFS protocol in pep2-EVKI/pep2-SVKE (F) and Tat-GluA2(3Y)/Tat-GluA2(3A) (N) groups. G, O, Average eEPSC amplitudes (normalized to baseline) are plotted during the 20-60 min following
LFS in pep2-EVKI/pep2-SVKE (G) and Tat-GluA2(3Y)/Tat-GluA2(3A) (O) groups (n= 5 rats, t(78) = 35.48 for G, t(78) = 26.58 for O). p, 0.0001 versus control peptide (two-tailed unpaired
Student’s t test). H, P, PWT in response to von Frey filament stimuli in SNL rats overexpressing (OE) pep2-EVKI or Tat-GluA2(3Y) compared with their control peptides (n= 9–11 per group,
F(1,36) = 82.03 for H, F(1,32) = 35.27 for P). ***p, 0.001 (two-way ANOVA with Sidak’s post hoc test). I, Q, CPA test (n= 9–11 per group, F(1,36) = 7.40 for I, F(1,36) = 12.91 for Q).
**p, 0.01, ***p, 0.001 (two-way ANOVA with Sidak’s post hoc test). J, R, SPT (n= 9–11 per group, F(1,36) = 23.45 for J, F(1,32) = 37.71 for R). ***p, 0.001 (two-way ANOVA with
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the differences in experimental model used, in days after surgery,
or in different neuronal populations examined between our pres-
ent study and previous studies. Indeed, in line with previous
reports, we found a significant increase in dendritic spine den-
sity, as well as in total and average dendrite length, and in den-
dritic arborization of LA/BLA neurons in SNL-operated rats.
Also, a decrease in neuronal dendritic spine density in the CeA
and medial nucleus of amygdala emerges in anxiety-like rats
(Moonat et al., 2011; You et al., 2014; Stefaniuk et al., 2017), and
in rats with emotional instability or depression (Matsuo et al.,
2017). During synaptic plasticity, the number and shapes of den-
dritic spines undergo radical reorganizations. LTP induction
promotes spine head enlargement as well as the formation and
stabilization of new spines, whereas LTD results in their shrink-
age and retraction. Ample evidence exists supporting that LTP
and LTD are associated with bidirectional modifications in spine
number and/or morphology. LTP is accompanied by enlarge-
ment of existing spines and/or formation of new spines, whereas
LTD is linked to spine shrinkage and/or elimination (Asrar and
Jia, 2013; Chidambaram et al., 2019). In line with this under-
standing, we indeed found that the functional synaptic plasticity,
such as LTP and LTD in the LA/BLA-CeA pathway, could be
induced in both SNL-operated rats and sham-operated rats, in
which no significant difference in LTP amplitude and input-out-
put relationship of fEPSP amplitude was observed between the
two groups, whereas an enhanced LTD at the LA/BLA-CeA syn-
apse emerged in SNL-induced neuropathic rats, suggesting that
LTD at the LA/BLA-CeA synapse, associated with the loss of
dendritic spine on the CeA neurons, likely underlies the pathoge-
nesis of neuropathic pain and pain-related negative emotion,
including aversive and depressive-like symptoms.

In addition, we have examined mEPSCs and PPR of eEPSC at
the LA/BLA-CeA synapse in naïve, sham-operated, and SNL-
operated rats, both of mEPSCs and PPR may reflect the basal
synaptic properties. We found a significant decrease in ampli-
tude, but not in frequency, of mEPSCs in SNL-operated rats
compared with control rats. Also, no difference in PPR of eEPSC
at the LA/BLA-CeA synapse was observed at each IPI among
naïve, sham-operated, and SNL-operated rats. In this study, we
observed an unexpected result; that is, in SNL-operated rats,
there was a significant decrease in dendritic spine density of CeA
neurons and a large decrease in eEPSC amplitude (the input-out-
put relationship of eEPSCs), but no desired decrease in mEPSCs
frequency was found. Similar results were also observed in a pre-
vious study, in which they found that, in 8DIV cultured neurons
silenced for 24 h, there was a decrease in synapse number, but a
statistically insignificant decrease in mEPSC frequency (Han and
Stevens, 2009). We do not know the exact reasons for this dis-
crepancy because various factors affect the mEPSC frequency
and amplitude. For example, mEPSC frequency depends on at
least three factors: synapse number, size of the readily releasable
pool (RRP) of synaptic vesicles, and release rate per vesicle (Han
and Stevens, 2009). It is possible that an increase in silent synap-
ses (Isaac et al., 1996; Nakayama et al., 2005) or any changes in
the release rate per vesicle (Han and Stevens, 2009) could offset
the loss of synapses in the CeA neurons of SNL rats. In addition,

evidence has been documented that the population of morpho-
logically docked synaptic vesicles, called the RRP, corresponds to
the release-ready neurotransmitter quanta (Schikorski and
Stevens, 2001). An increase in RRP of each synapse would pre-
dict an increase in release probability, and this could offset the
reduction of mEPSC frequency in neurons with spines lost
(Ultanir et al., 2007). Additionally, several studies in cultured
hippocampal slices and cortical neurons have observed an
increase in the number of shaft synapses while dendritic spines
are lost (Fishbein and Segal, 2007; Mateos et al., 2007). These
shaft synapses could also compensate for the loss of dendritic
spines and subsequently offset the desired decrease in mEPSC
frequency (Segal, 2010). Also, dendritic spine morphology plays
a pivotal role in higher brain functions, such as learning and
memory (Sekino et al., 2007). Generally, there are four types of
dendritic spines: filopodia, thin, stubby, and mushroom, of
which the first two are immature and the last two are stable and
mature (Tanokashira et al., 2012). Some studies have demon-
strated that the number of mature spines is correlated with syn-
aptic plasticity (Kreple et al., 2014; Francis et al., 2017), whereas
immature synapses comprised lots of filopodia spines which may
release neurotransmitters in higher level (Andreae et al., 2012;
Burk et al., 2018). Therefore, the dendritic spine morphology
associated with its dynamic change could also affect mEPSC fre-
quency (Sekino et al., 2007). An increase in elongated dendritic
filopodia, which recruits (or contains) more excitatory synapse
number on dendritic shafts (Fishbein and Segal, 2007; Segal,
2010; Vessey et al., 2010), could offset the loss of dendritic spines
and subsequently abrogate the reduction of mEPSC frequency in
the CeA neurons of SNL rats. Of course, the above lines of evi-
dence just provide some possible explanations for the discrep-
ancy of unchanged mEPSC frequency with the loss of dendritic
spines in the CeA neurons of SNL rats. The exact causes for this
unexpected result need further investigation.

Phosphorylation of postsynaptic AMPARs is critical for regu-
lating synaptic plasticity (Park, 2018). For example, phosphoryla-
tion of GluA1Ser831 and GluA1Ser845 is implicated in regulating
GluA1-containing, CP-AMPAR insertion into the postsynaptic
membrane, and facilitating LTP induction, whereas phosphoryl-
ation of GluA2Ser880 is essential for promoting GluA2-contain-
ing, CI-AMPAR endocytosis and leads to LTD (Diering
and Huganir, 2018; Park, 2018). Our findings of decreased
pGluA1Ser845 and increased pGluA2Ser880 in the CeA synaptoso-
mal fraction raise a possibility that SNL surgery may lead to ei-
ther an impaired LTP at the LA/BLA-CeA synapse due to the
reduction of CP-AMPAR insertion into the postsynaptic mem-
brane, or a facilitated LTD resulting from CI-AMPAR endocyto-
sis, or both. Moreover, we found a significant decrease in
AMPAR-mediated eEPSCs (AMPAR currents) evoked at the
LA/BLA-CeA synapse of SNL-operated rats, further confirming
the functional reduction of AMPARs in postsynaptic membrane
of the CeA neurons. Also, we found a consistent, linear I–V rela-
tionship of AMPAR currents among naïve, sham-operated, and
SNL-operated rats, and that application of NASPM, a selective
CP-AMPAR antagonist to block GluA2-lacking AMPARs
(Gerace et al., 2014), had no effect on these AMPAR-mediated
currents. It is well accepted that the GluA2-lacking AMPARs are
CP-AMPARs and show inward rectification I–V relationship,
whereas the GluA2-containing AMPARs are CI-AMPARs and
have a linear I–V relationship (Greger et al., 2017). We thus
speculated that, under neuropathic condition, phosphorylation
of GluA2Ser880 might result in the internalization of GluA2-con-
taining, CI-AMPARs from postsynaptic membrane, which is

/

Sidak’s post hoc test). K, S, FST (n= 9-11 per group, F(1,36) = 8.94 for K, F(1,32) = 8.47 for S).
**p, 0.01, ***p, 0.001 (two-way ANOVA with Sidak’s post hoc test). L, T, Inclined-plate
test measured before and after lentiviral expressing in pep2-EVKI/pep2-SVKE OE (L) and Tat-
GluA2(3Y)/Tat-GluA2(3A) OE (T) groups.
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considered as a contributor of LTD at the LA/BLA-CeA synapse
(Diering and Huganir, 2018; Park, 2018). Indeed, two synthetic
peptides, pep2-EVKI and Tat-GluA2(3Y), which have been shown
to be able to prevent the GluA2-containing AMPARs (CI-
AMPARs) trafficking and endocytosis from synapses, respec-
tively (Brebner et al., 2005; Famous et al., 2008; Benneyworth et
al., 2019), could abrogate the SNL-induced enhancement of LTD
at the LA/BLA-CeA synapse in vitro, and alleviated the SNL-
induced mechanical allodynia and comorbid aversive and
depressive symptoms in vivo, suggesting that the endocytosis of
GluA2-containing AMPARs is probably related to the LTD at
the LA/BLA-CeA synapse and the comorbid aversive and
depressive symptoms in neuropathic pain in SNL-operated rats.

In conclusion, this study demonstrates that the CeA plays a
key role in processing both sensory and negative emotional-
affective components of neuropathic pain. Endocytosis of
GluA2-containing AMPARs from synapses owing to the phos-
phorylation of GluA2Ser880 mediates LTD at the LA/BLA-CeA
synapse, which might be associated with the pathogenesis of neu-
ropathic pain and pain-related negative emotion, such as aversive
and depressive-like symptoms in SNL-operated rats.
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