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5-HT2C Receptor Knockdown in the Amygdala Inhibits
Neuropathic-Pain-Related Plasticity and Behaviors
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Neuroplasticity in the amygdala drives pain-related behaviors. The central nucleus (CeA) serves major amygdala output functions and
can generate emotional-affective behaviors and modulate nocifensive responses. The CeA receives excitatory and inhibitory inputs from
the basolateral nucleus (BLA) and serotonin receptor subtype 5-HT2CR in the BLA, but not CeA, has been implicated anxiogenic behaviors
and anxiety disorders. Here, we tested the hypothesis that 5-HT2CR in the BLA plays a critical role in CeA plasticity and neuropathic pain
behaviors in the rat spinal nerve ligation (SNL) model. Local 5-HT2CR knockdown in the BLA with stereotaxic injection of 5-HT2CR shRNA
AAV vector decreased vocalizations and anxiety- and depression-like behaviors and increased sensory thresholds of SNL rats, but had no
effect in sham controls. Extracellular single-unit recordings of CeA neurons in anesthetized rats showed that 5-HT2CR knockdown
blocked the increase in neuronal activity (increased responsiveness, irregular spike firing, and increased burst activity) in SNL rats. At the
synaptic level, 5-HT2CR knockdown blocked the increase in excitatory transmission from BLA to CeA recorded in brain slices from SNL
rats using whole-cell patch-clamp conditions. Inhibitory transmission was decreased by 5-HT2CR knockdown in control and SNL condi-
tions to a similar degree. The findings can be explained by immunohistochemical data showing increased expression of 5-HT2CR in
non-GABAergic BLA cells in SNL rats. The results suggest that increased 5-HT2CR in the BLA contributes to neuropathic-pain-related
amygdala plasticity by driving synaptic excitation of CeA neurons. As a rescue strategy, 5-HT2CR knockdown in the BLA inhibits
neuropathic-pain-related behaviors.
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Introduction
The serotonergic system plays an important role in pain modu-
lation (Heinricher et al., 2009; Ossipov et al., 2010) and selective

serotonin reuptake inhibitors (SSRIs) can relieve neuropathic
pain, but efficacy is weak and inconsistent (Dworkin et al., 2010;
Lee and Chen, 2010; Finnerup et al., 2015). Serotonin can have
inhibitory or excitatory effects in descending pathways depend-
ing on the receptor subtype (Ossipov et al., 2010). The family of at
least 14 serotonin (5-HT) receptor subtypes is divided into seven
groups based on their structural and functional characteristics
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Significance Statement

Neuroplasticity in the amygdala has emerged as an important pain mechanism. This study identifies a novel target and
rescue strategy to control abnormally enhanced amygdala activity in an animal model of neuropathic pain. Specifically, an
integrative approach of gene transfer, systems and brain slice electrophysiology, behavior, and immunohistochemistry was
used to advance the novel concept that serotonin receptor subtype 5-HT2C contributes critically to the imbalance between
excitatory and inhibitory drive of amygdala output neurons. Local viral vector-mediated 5-HT2CR knockdown in the
amygdala normalizes the imbalance, decreases neuronal activity, and inhibits neuropathic-pain-related behaviors. The
study provides valuable insight into serotonin receptor (dys)function in a limbic brain area.

1378 • The Journal of Neuroscience, February 8, 2017 • 37(6):1378 –1393



(Bockaert et al., 2006; Hannon and Hoyer, 2008; Millan et al.,
2008). The 5-HT2C receptor (5-HT2CR) has emerged as a thera-
peutic target for neuropsychiatric disorders (Heisler et al., 2007;
Christianson et al., 2010; Jensen et al., 2010), but 5-HT2CR has
also been implicated in adverse effects of 5-HT and SSRIs (Jensen
et al., 2010) and in inconsistent clinical efficacy of SSRIs in neu-
ropathic pain (Brasch-Andersen et al., 2011). 5-HT2CR is ex-
pressed in GABAergic, glutamatergic, and dopaminergic neurons
(Liu et al., 2007; Bubar et al., 2011). 5-HT2CR mRNA and protein
are found in many brain areas, including the amygdala and par-
ticularly its basolateral nucleus (Pompeiano et al., 1994; Clemett
et al., 2000).

The amygdala plays a key role in fear and anxiety (Phelps and
LeDoux, 2005) and in emotional-affective aspects of pain (Neuge-
bauer, 2015). The amygdala circuitry that contributes to pain and
pain modulation is centered on the lateral–basolateral (LA-BLA)
and central (CeA) nuclei (Neugebauer et al., 2004; Neugebauer,
2015). The CeA serves major amygdala output functions and
receives nociceptive information through the spino-parabra-
chio-amygdaloid pathway and highly processed affect-related infor-
mation from the LA-BLA network (Neugebauer, 2015). Amygdala
neuroplasticity in inflammatory pain is characterized by increased
excitatory drive (Neugebauer et al., 2003; Han and Neugebauer,
2004; Bird et al., 2005; Han et al., 2005b; Fu and Neugebauer, 2008;
Adedoyin et al., 2010; Cheng et al., 2011) and loss of inhibitory
control of the CeA (Ren and Neugebauer, 2010; Ren et al., 2013).
Neuroplasticity in the amygdala has also been found in neuropathic
pain models (Ikeda et al., 2007; Gonçalves et al., 2008; Gonçalves and
Dickenson, 2012; Nakao et al., 2012), but underlying mechanisms
remain to be determined.

The present study tested the novel hypothesis that 5-HT2CR in
the BLA contributes to neuropathic-pain-related plasticity in the
amygdala output region (CeA) and that knockdown of 5-HT2CR
can block pain-related behaviors. In support of our hypothesis,
the BLA receives a strong serotonergic projection from the dorsal
raphe nucleus (Ma et al., 1991; Lowry, 2002; Fernandez et al.,
2016) and there is evidence for increased 5-HT release in the BLA,
but not CeA, in aversive states (Funada and Hara, 2001; Macedo
et al., 2005; Christianson et al., 2010). 5-HT2CR in the BLA, but
not CeA, contributes critically to anxiogenic behavior (Campbell
and Merchant, 2003; Heisler et al., 2007; Christianson et al.,
2010) and mediates anxiogenic side effects of acutely adminis-
tered antidepressants such as SSRIs (Burghardt et al., 2007; Lee
and Chen, 2010; Ravinder et al., 2011). We reported recently
that a 5-HT2CR antagonist in the BLA, but not CeA, enabled a
systemic SSRI to inhibit pain behaviors in an arthritis model
(Grégoire and Neugebauer, 2013).

Synaptic and cellular effects of 5-HT2CR in the amygdala are
largely unknown. Acute 5-HT or a 5-HT2 agonist activated
GABAergic interneurons in the BLA, but higher concentrations
or prolonged application seemed to have disinhibitory effects on
BLA output (Rainnie, 1999). 5-HT2CR activation facilitated
NMDA-receptor-mediated synaptic plasticity in BLA pyramidal
neurons (Chen et al., 2003). Here, we used a viral-vector-based
strategy (adeno-associated viral mediated RNA interference,
shRNA) for local (BLA) knockdown of 5-HT2CR and evaluated
the electrophysiological and behavioral effects in the rat model of
neuropathic pain.

Materials and Methods
Animals
Male Sprague Dawley rats (120 –320 g for brain slice physiology and
250 –350 g for behavior and systems electrophysiology, corresponding to

�5–12 weeks of age; Harlan Laboratories) were housed in a temperature-
controlled room under a 12 h light/dark cycle. Water and food were
available without restriction. On the day of the experiment, rats were
transferred from the animal facility and allowed to acclimate to the lab-
oratory for at least 1 h. All experimental procedures were approved by the
Institutional Animal Care and Use Committees at Texas Tech University
Health Sciences Center and the University of Texas Medical Branch and
conform to the guidelines of the International Association for the Study
of Pain and of the National Institutes of Health. Experiments were per-
formed in a blinded fashion so that the experimenter performing behav-
ioral assays or electrophysiology in vivo or brain slice physiology was not
aware of the pain condition (see “Neuropathic pain model”) and inter-
vention (see “Viral vector for 5-HT2CR knockdown”).

Neuropathic pain model
The well established spinal nerve ligation model (Bennett et al., 2003) was
used, which provides stable and long-lasting neuropathic pain behaviors.
Rats were anesthetized with isoflurane (3– 4% induction, 2% mainte-
nance). Under anesthesia and using sterile techniques, the L5 spinal
nerve was tightly ligated using 6-0 sterile silk. In the sham operated
group, the nerve was exposed but not ligated.

Viral vector for 5-HT2CR knockdown
For local (basolateral amygdala, BLA) knockdown of 5-HT2CR, recom-
binant AAV (type 2) vectors expressing a short hairpin RNA (shRNA)
directed at the 5-HT2CR or a control hairpin were used (Anastasio et al.,
2014; Anastasio et al., 2015). The shRNA expression is driven by a mouse
U6 promoter ( pol III) so as not to compete with the pol II-driven expres-
sion cassette using a cytomegalovirus (CMV) promoter to express eGFP
as a reporter. AAV vectors were packaged using a helper-free AAV pack-
aging system (Agilent) with human embryonic kidney cells (HEK293).
Vector was purified using an iodixanol gradient and ultra-centrifugation.
The product of the gradient underwent a buffer exchange procedure to
remove the iodixanol and further concentrate/purify the virus. The final
virus in PBS had a titer of �10 12 viral particles/ml. 5-HT2CR or control
shRNA-eGFP AAV2 vector (1 �l) was injected stereotaxically into the
BLA of rats anesthetized with isoflurane (3– 4% induction, 2% mainte-
nance) in oxygen, two weeks after neuropathic or sham surgery. The
following coordinates were used: 2.5 mm caudal to bregma, 4.8 mm
lateral, 8.0 – 8.5 mm depth. In some animals, 5-HT2CR shRNA-eGFP
AAV2 vector (1 �l) was injected stereotaxically into the CeA as a control
and to test our hypothesis that the site of action of 5-HT2CR is in the BLA
rather than CeA. The following coordinates were used for the CeA: 2.5
caudal to bregma, 4.0 lateral, 7.5– 8.0 depth. Rats recovered for 2 weeks
before the behavioral and electrophysiological studies to allow stable
transgene expression. The knockdown and control vectors coexpress
enhanced green fluorescent protein (eGFP) for easy identification of
transduced cells.

Validation of 5-HT2CR knockdown
qPCR. Brains were extracted and the BLA dissected out for mRNA anal-
ysis. The RNA was extracted by homogenizing in RNA STAT-60 (Teltest,
Friendswood, TX), separating RNA from DNA and protein using chlo-
roform, and precipitating the total RNA with isopropanol. Contaminat-
ing DNA was removed (TURBO DNA-Free, Life Technologies, CA) and
5 �g of the purified RNA was reverse transcribed into cDNA (Invitrogen
SuperScript III First Strand Reverse Transcription kit). The resultant
cDNA was quantified via qPCR using a SYBR Green method (Zhang et
al., 2014).

Immunohistochemistry. Animals were deeply anesthetized with so-
dium pentobarbital (100 mg/kg, i.p.). Paraformaldehyde, 4% (w/v) in
PBS was used for transcardial perfusion. Coronal slices (40 �m) contain-
ing the amygdala (�1.6 to �3.3 mm from bregma) were obtained with a
cryostat at �20oC (Leica CM 1850, Leica Microsystems Nussloch
GmbH, Nussloch, Germany). The sections were free-floating for block-
ing, antibody exposure and washes. PBS with 0.1% Triton X-100 plus 5%
normal donkey serum was used for blocking of nonspecific binding for
1 h at 22°C. Sections were incubated with anti-5-HT2CR antibody (goat,
1:200 dilution, Abcam, ab32887) in PBS�5% normal donkey serum
overnight at 4°C and then washed with 0.1% Triton X-100 in PBS 5 � 10
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min. Then sections were incubated with Alexa Fluor 555 donkey anti-
goat IgG (Life Technologies, A-21432), 1:2500 dilution into PBS�5%
normal donkey serum�0.1% Triton X-100 for 90 min at 22°C, washed
with 0.1% Triton X-100 in PBS 5 � 10 min, and mounted onto micro-
scope slides. Slides were stored in the dark at room temperature to air dry
overnight (Anastasio et al., 2014). Slides were dehydrated and DPX
mounting medium (EMS, Hatfield, PA) was used to complete the
mounting process. The images were captured using SPE confocal with a
Leica DMI4000 microscope (Leica Microsystems, Mannheim, Ger-
many), and were analyzed with LAS AF software (Version 3.2.0).

Western blot analysis. Right BLA tissues were homogenized in radio-
immunoprecipitation assay buffer containing protease inhibitor mixture
(Sigma-Aldrich) using Omni tissue disrupter at 4°C and incubated on ice
for 30 min. After centrifugation at 15,000 � g for 20 min, the supernatant
was used for immunoblot assay. In brief, 40 �g of equal amounts of
lysates from various treated groups were resolved by electrophoresis on
4 –12% Bis-Tris gel (Invitrogen), electrotransferred to a polyvinylidene
difluoride membrane, and blocked with 10% nonfat dry milk for 2 h.
After overnight incubation with primary antibodies against 5-HT2cR (1/
1000; ab133570, Abcam) and GAPDH (1/1000; sc25778, Santa Cruz Bio-
technologies, Santa Cruz, CA), the membranes were then washed three
times in PBS-Tween 20 and incubated with horseradish peroxidase-
conjugated anti-rabbit IgG (1:5000, Cell Signaling Technology, Beverly,
MA) for 1 h. The antigen-antibody complex was detected using an ECL
chemiluminescence kit (Pierce, Rockford, IL). 5-HT2CR peptide (2 �g of
peptide-ab170038/ml 1:1000 5-HT2cR primary antibody; Abcam) was
used to validate the specificity of the antibody. 5-HT2CR protein signal
(predicted molecular weight 52 kDa, apparent molecular weight of �62
kDa) was analyzed by scanning densitometry using ImageJ software
(NIH) and normalized to GAPDH.

5-HT2CR expression changes in pain model
Immunostaining was conducted to detect 5-HT2CR and GABA expres-
sion in BLA cells. Rats were deeply anesthetized with sodium pentobar-
bital (60 mg/kg, i.p.) and transcardially perfused with 200 ml of PBS
(PBS; 8 g of NaCl, 1.44 g of Na2HPO4, 240 mg of KH2PO4, 200 mg of KCl
in 1 L of dH2O, pH 7.40) and then with 300 ml of a 4% paraformaldehyde
PBS solution. Whole brains were collected and postfixed in 4% parafor-
maldehyde overnight at 4°C and then cryoprotected in a 30% sucrose
PBS solution until they sank (�36 – 48 h). 40 �m coronal sections con-
taining the BLA were collected using a cryostat set to �23°C. Free-
floating sections were washed 3� in PBS and then incubated in 0.3%
Triton X-100 and 10% goat serum (S26 –100ml, EMD Millipore Corpo-
ration) for 30 min. Slices were incubated with the following primary
antibodies at 37°C for 30 min and then at 4°C for 72 h: mouse anti-5-
HT2CR (D-12, sc-17797, 1:200, Santa Cruz Biotechnology Inc, Dallas,
TX) and rabbit anti-GAD65�GAD67 antibody (ab11070, 1:500, abcam).
Slices were then washed three times in PBS and incubated with the fol-
lowing secondary antibodies for 60 min at 37°C protected from light:
goat anti-mouse IgG (1:100, TRITC, AP503R, EMD Millipore Corpora-
tion) and goat anti-rabbit IgG (1:200, FITC, ab6717, abcam). Slices were
then washed three times in PBS for 10 min each and mounted onto slides
with Vectashield Fluorescent Mounting Medium (Vector Laboratories).
Brain tissue expression of the two fluorescence tagged antibodies (anti-
5-HT2CR, red; anti-GAD, green) and colocalization (yellow) were visu-
alized and photographed using a Nikon Confocal Microscope with
digital imaging software. Labeled cells were counted using ImageJ soft-
ware (NIH). Primary antibodies were omitted for controls to verify signal
and determine noise.

Behavior
Two weeks after neuropathic or sham surgery, 5-HT2CR or control
shRNA-eGFP AAV2 vector (1 �l) was infused into the BLA (see “Viral
vector”). Rats recovered for 2 weeks to allow for stable transgene expres-
sion. The following behavioral assays were performed in shielded
temperature- and light-controlled rooms.

Spinal reflexes were measured as mechanical withdrawal thresholds,
using von Frey monofilaments (3.61, 3.84, 4.08, 4.31, 4.56, 4.74, 4.93, and
5.18, corresponding to 0.4, 0.6, 1, 2, 4, 6, 8, and 15 g) applied to the

plantar surface of the hindpaw at the base of the third or fourth toe, the
most sensitive area in spinal nerve ligation (SNL). An abrupt withdrawal
of the foot during stimulation or immediately after stimulus removal was
counted as a positive response. Thresholds were determined by the up-
down method and the formula of Dixon (Dixon, 1980; Chaplan et al.,
1994).

Vocalizations in the audible and ultrasonic (25 � 4 kHz) ranges were
measured using a condenser microphone and a bat detector, respectively,
which were placed in front of the animal at a fixed distance (Han et al.,
2005a; Neugebauer et al., 2007). Animals were anesthetized briefly with
isoflurane (2%) and placed in a custom-designed recording chamber
with openings for head and limbs. After habituation to the chamber,
mechanical stimuli of innocuous (100 g/6 mm 2) and noxious (500 g/6
mm 2) intensities were applied to the hindpaw (15 s) using a calibrated
forceps with a force transducer to monitor the applied force (in g). Du-
rations of audible and ultrasonic vocalizations were analyzed for 1 min
using Ultravox 2.0 software (Noldus Information Technology).

The elevated plus maze (EPM) test was used to measure anxiety-like
behavior as described previously (Ji et al., 2007; Neugebauer et al., 2007).
The EPM (Columbus Instruments) has two enclosed and two open arms
arranged in a plus shape. The animal was placed onto the central area of
the plus maze facing an open arm. Animal movements in the open and
closed arms was detected by photocells and recorded for 15 min using a
computerized analysis system (Multi-Varimex software; Columbus In-
struments). Anxiety-like behavior was analyzed as the ratio of open-arm
entries to the total number of entries (expressed as a percentage) during
the first 5 min, as is standard EPM protocol (Walf and Frye, 2007).

Sucrose preference was measured to model anhedonia (Fernando and
Robbins, 2011). Animals were preexposed to a sucrose solution (1% w/v)
for 3 d (1 h/d). Two days later, sucrose versus water consumption (in
milliliters) from two bottles in the home cage was measured for 15 min.
Sucrose preference was expressed as percentage of total consumption.
Preference for a familiar sucrose solution is a measure of natural reward
as opposed to neophobia.

Systems electrophysiology
Two weeks after neuropathic or sham surgery, 5-HT2CR or control
shRNA-eGFP AAV2 vector (1 �l) was infused into the BLA (see “Viral
vector”). Rats recovered for 2 weeks to allow for stable transgene expres-
sion. Extracellular single-unit recordings were made from neurons in the
laterocapsular division of the CeA (CeLC) as described previously (Ji and
Neugebauer, 2009; Ji et al., 2010; Ji et al., 2015).

Animal preparation and anesthesia. Rats were anesthetized with pento-
barbital (induction, 50 mg/kg, i.p.; maintenance, 15 mg/kg/h, i.v.), par-
alyzed with vecuronium (induction, 0.3- 0.5 mg, iv; maintenance, 0.3
mg/h, iv), and artificially ventilated (3–3.5 ml; 55– 65 strokes/min). End-
tidal CO2 levels (kept at 4.0 � 0.2%) and heart rate (using ECG) were
monitored continuously. Core body temperature was maintained at
37°C by means of a homeothermic blanket system. The animal was
mounted in a stereotaxic frame (Kopf Instruments) and a craniotomy
was performed at the sutura frontoparietalis level to allow the insertion of
the recording electrode.

Single-unit recording and identification of CeA neurons. Individual
neurons were recorded with glass insulated carbon filament electrodes
(4 – 6 M�) using the following coordinates: 2.2–3.1 mm caudal to
bregma, 3.8 – 4.2 mm lateral to midline, depth 7– 8.5 mm. The recorded
signals were amplified, band-pass filtered (300 Hz to 3 kHz), displayed on
an analog oscilloscope, and processed by an interface (1401 Plus; CED).
Spike2 software (version 4; CED) was used for spike sorting, data storage,
and analysis of single-unit activity. Spike size and configuration were
monitored continuously. Only those neurons with a spike configuration
that matched a preset template and could be clearly discriminated from
activity in the background throughout the experiment were included
in the study. Neurons in the lateral CeA were identified by monitoring
background activity and responses to mechanical compression of the
tissue at innocuous (100 g/6 mm 2) and noxious (500 g/6 mm 2) intensi-
ties with a calibrated forceps (see “Vocalizations”). Noxious compression
was used sparingly as a search stimulus. Once a neuron was found that
responded to noxious stimuli, the size and thresholds of the receptive
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fields in deep tissue and skin were mapped using graded mechanical
stimuli of innocuous and noxious intensities. Neurons were selected that
had a receptive field in the hindpaw (innervation territory of L5) and
responded more strongly to noxious than innocuous mechanical stimuli.
One neuron was recorded per animal to avoid biasing the sample and to
allow for verification of the recording site using electrolytic lesion (see
“Verification of recording site”).

Firing pattern analysis. Spike2 software was used to measure neuronal
activity as spikes/second for 10 min (background activity in the absence
of intentional stimulation) or 15 s (mechanical compression). For the
analysis of net evoked activity, background activity was measured for 1–3
min before the stimulation sequence of innocuous and noxious mechan-
ical compression of the tissue. The mean value (spikes/second) was then
subtracted from the total activity during stimulation to obtain net evoked
activity. Spike2 software burst analysis script was used to analyze inter-
spike interval (ISI) distribution and burst-like activity for each CeA neu-
ron. Burst-like activity was defined as follows: before the first spike in a
burst, there was a preceding silent period of at least 100 ms, which was
then followed by a second spike with an ISI of �10 ms (Weyand et al.,
2001; Wang et al., 2006). Any subsequent spikes with preceding
ISI �10 ms were also considered to be part of a burst. The variation in the
ISIs is described by using the coefficient of variation (CV2) (Holt et al.,
1996). CV2 was computed by assessing the SD and mean firing for two
adjacent ISIs [CV2 � 2(ISI2 � ISI1)/(ISI2 � ISI1)]. The CV2 for each
pair of adjacent ISIs was plotted against the mean of those two ISIs. Small
CV2 values indicate regular firing, whereas large CV2 values (�1) indi-
cate irregular firing. The average CV2 values were calculated for each
experimental group (SNL/sham with 5-HT2CR/control shRNA vector).

Verification of recording site. At the end of each experiment, the recording
site in the CeA was marked by injecting DC (250 �A for 3 min) through the
carbon filament recording electrode. The brain was removed and submerged
in 10% formalin and potassium ferrocyanide. Tissues were stored in 30%
sucrose before they were frozen sectioned at 50 �m. Sections were stained
with hematoxylin and eosin (H&E), mounted on gel-coated slides, and cov-
erslipped. The boundaries of the different amygdala nuclei were easily
identified under the microscope. Lesion/recording sites were verified histo-
logically and plotted on standard diagrams.

Brain slice electrophysiology
Brain slice preparation. Coronal (400 �m) brain slices containing the CeA
and LA-BLA were obtained from neuropathic or sham rats 2 weeks after
stereotaxic injection of 5-HT2CR or control shRNA-eGFP AAV2 vector
(1 �l) into the BLA (see “Viral vector”). As described previously (Ji et al.,
2013; Ren et al., 2013; Ji et al., 2015), brains were quickly removed and
immersed in oxygenated ice-cold sucrose-based physiological solution
containing the following (in mM): 87 NaCl, 75 sucrose, 25 glucose, 5 KCl,
21 MgCl2, 0.5 CaCl2, and 1.25 NaH2PO4. Brain slices were prepared using
a Vibratome (Series 1000 Plus; The Vibratome Company). Brain slices
were then incubated in oxygenated artificial CSF (ACSF) at room tem-
perature (21°C) for at least 1 h before patch recordings. ACSF, pH 7.4,
contained the following (in mM): 117 NaCl, 4.7 KCl, 1.2 NaH2PO4, 2.5
CaCl2, 1.2 MgCl2, 25 NaHCO3, and 11 glucose. A single brain slice was
transferred to the recording chamber and submerged in ACSF (31 �
1°C) superfusing the slice at �2 ml/min. Only one or two brain slices per
animal were used. Only one neuron was recorded in each slice. Numbers
in the text refer to the number of neurons tested for each parameter.

Patch-clamp recording. Whole-cell voltage-clamp recordings were
made from visually identified neurons in the CeLC using DIC-IR video-
microscopy as described previously (Ren et al., 2013; Ji et al., 2015). Patch
electrodes had tip resistances of 3– 6 M�. The following internal solution
was used (in mM): 122 K-gluconate, 5 NaCl, 0.3 CaCl2, 2 MgCl2, 1 EGTA,
10 HEPES, 5 Na2-ATP, and 0.4 Na3-GTP, pH adjusted to 7.2–7.3 with
KOH and osmolarity to 280 mOsm/kg with sucrose. Data acquisition
and analysis was done using a dual 4-pole Bessel filter (Warner Instru-
ments), low-noise Digidata 1322 interface (Axon Instruments, Molecu-
lar Devices), Axoclamp-2B amplifier (Axon Instruments), and pClamp9
software (Axon Instruments). Head-stage voltage was monitored contin-
uously on an oscilloscope to ensure precise performance of the amplifier.

If series resistance (monitored with pClamp9 software) changed 	10%,
the neuron was discarded.

Synaptic transmission. EPSCs and IPSCs were evoked in CeLC neurons
by focal electrical stimulation (150 �s square-wave pulses; using an S88
stimulator; Grass Technologies) in the BLA using a concentric bipolar
stimulation electrode (Kopf Instruments). EPSCs and IPSCs were re-
corded at �70 and 0 mV, respectively. The calculated equilibrium po-
tential for chloride in this system was �68.99 mV (Nernst equation,
pClamp9 software). Monosynaptic EPSCs were completely blocked by
NBQX (10 �M). IPSCs were blocked by bicuculline (10 �M) or NBQX
(10 �M), consistent with feedforward inhibition in the BLA–CeA path-
way (Ren et al., 2013). Drugs were purchased from Tocris Bioscience
(Techne Corporation). Input– output (I/O) relationships were obtained
by measuring peak amplitudes of EPSCs and IPSCs as a function of
stimulation intensity (100 �A steps).

Statistical analysis
All averaged values are given as the mean � SE. Statistical significance
was accepted at the level p 
 0.05. GraphPad Prism 5.0 software was used
for all statistical analyses. Statistical analysis was performed on the raw
data. Student’s t test was used to compare two sets of data that had
Gaussian distribution and similar variances. For multiple comparisons,
one-way or two-way ANOVA (repeated measures where appropriate)
was used with Bonferroni correction and post hoc tests as indicated in the
text and figure legends.

Results
The goal of this study was to test the hypothesis that knockdown
of serotonin receptor 5-HT2CR in the BLA would inhibit
neuropathic-pain-related plasticity in the amygdala output re-
gion (CeA) and pain-related behaviors. The right amygdala was
targeted because of evidence for right-hemispheric lateralization
in several pain models (Carrasquillo and Gereau, 2007; Carras-
quillo and Gereau, 2008; Ji and Neugebauer, 2009; Gonçalves and
Dickenson, 2012).

Viral-vector-mediated knockdown of 5-HT2CR expression in
the BLA
We first validated the viral vector strategy by measuring 5-HT2CR
mRNA via PCR and 5-HT2CR protein expression with immuno-
histochemistry and Western blotting (see Materials and Meth-
ods). Figure 1A shows vector transduction as eGFP fluorescence
in BLA neurons of the right amygdala. AAV2 5-HT2CR shRNA
injected into the BLA in vivo decreased 5-HT2C receptor mRNA
significantly (p 
 0.05, unpaired t test) compared with AAV2
control shRNA (Fig. 1B). To investigate this efficacy cell by cell,
immunohistochemistry was performed on tissue transduced
with 5-HT2CR or control shRNA vector. For the control vector
(Fig. 1C–E), there was considerable colocalization of eGFP
and 5-HT2CR immunofluorescence (blue arrows), whereas the
5-HT2CR shRNA vector (Fig. 1F–H) clearly decreased immuno-
fluorescence for the receptor in transduced cells. Quantitative
analysis of 5-HT2CR protein expression using Western blotting
(Fig. 1 I, J) showed that 5-HT2CR shRNA vector decreased
5-HT2CR expression in the BLA of sham (n � 3) and SNL (n � 2)
rats significantly compared with sham (n � 3) and SNL (n � 2)
rats treated with control vector (F(3,8) � 68.68, ANOVA with
Bonferroni post hoc tests). SNL increased 5-HT2CR protein ex-
pression in rats treated with control shRNA, but not in rats
treated with 5-HT2CR shRNA vector (n � 2). Tissues were ob-
tained 2 weeks after stereotaxic injections of 5-HT2CR knock-
down vector or control shRNA vector; that is, 4 weeks after SNL/
sham surgery.
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5-HT2CR knockdown in the BLA inhibits
neuropathic-pain-related behaviors
We next tested the ability of AAV2 knock-
down of 5-HT2CR in the BLA to block be-
havioral changes in an animal model of
neuropathic pain (SNL; see Materials
and Methods). Nocifensive reflexes (Fig.
2A,B), vocalizations (Fig. 2C), anxiety-like
(Fig. 3A), and depression-like (Fig. 3B) be-
haviors were measured in SNL and sham
control rats. Nocifensive reflexes were mea-
sured repeatedly before and after sham/SNL
surgery and before and after stereotaxic in-
jections of 5-HT2CR or control shRNA vec-
tor into the amygdala. Vocalizations and
anxiety- and depression-like behaviors were
measured only one time in each animal
(2 weeks after stereotaxic injections of
5-HT2CR knockdown vector or control
shRNA vector; that is, 4 weeks after SNL/
sham surgery). Locations of the injection
sites into BLA and CeA (control) are shown
in Figure 4.

Nocifensive reflexes
Hindlimb withdrawal thresholds were
measured with von Frey filaments of dif-
ferent force (see Materials and Methods)
before and 3, 7, 14, 21, 28, and 35 d after
SNL or sham surgery. Figure 2A shows
that mechanical thresholds in sham rats
did not change after sham surgery, but re-
mained at a threshold of 15 g, which is the
cutoff point for mechanical threshold de-
termination with this method. In sham
rats, 5-HT2CR knockdown (n � 12 rats)
or control vector (n � 13 rats) in the BLA
had no significant effect (F(6,66) � 0.6431
and F(6,72) � 1.897, respectively; p 	 0.05,
repeated-measures ANOVA). In contrast,
SNL rats showed decreased mechanical
thresholds from day 3 on (F(6,84) � 25.69;
p 
 0.001, repeated-measures ANOVA).
In SNL rats, stereotaxic injections of AAV
5-HT2CR shRNA (n � 17 rats), but not
control vector (n � 15 rats), into the BLA
increased the withdrawal thresholds 2 and
3 weeks after AAV injection significantly
(F(3,53) � 54.35, p 
 0.001, Bonferroni correction, knockdown
vector compared with control vector). 5-HT2CR shRNA vector
injection into the CeA (Fig. 2B) did not change mechanosensitiv-
ity in sham controls (n � 5) and did not block mechanical hyper-
sensitivity of SNL rats (n � 5). The decreased mechanical
thresholds of SNL were significantly different from those of sham
controls (F(1,48) � 1427.00, p 
 0.001, two-way repeated-
measures ANOVA with Bonferroni post hoc tests). The data show
that SNL surgery produces stable, long-lasting mechanical hyper-
sensitivity and that 5-HT2CR knockdown in the BLA, but not
CeA, has significant antinociceptive effects.

Vocalizations
Audible and ultrasonic vocalizations (Fig. 2C) were evoked by
brief (15 s) noxious mechanical stimulation of the affected hind-
paw as described in Materials and Methods. Total duration of

vocalizations was measured for 1 min in the following experi-
mental groups (also subjected to von Frey tests). Sham controls
with stereotaxic injection of 5-HT2CR knockdown vector (n � 12
rats) or control vector (n � 12 rats) into the BLA; in SNL rats with
stereotaxic injection of 5-HT2CR knockdown vector (n � 12 rats)
or control vector (n � 12 rats) into the BLA; and SNL rats with
stereotaxic injection of 5-HT2CR knockdown vector into the CeA
(n � 5 rats). Measurements were made 2 weeks after vector in-
jection; that is, 4 weeks after SNL/sham surgery. 5-HT2CR knock-
down had no significant effect in sham rats (p 	 0.05, ANOVA
with Bonferroni correction compared with control vector). SNL
rats showed higher vocalizations than sham controls (p 
 0.001,
comparing rats with control vector injection). 5-HT2CR knock-
down in the BLA of SNL rats inhibited audible and ultrasonic
vocalizations significantly (audible F(4,48) � 11.01, ultrasonic
F(4,48) � 10.32, p 
 0.05 and p 
 0.01, ANOVA with Bonferroni

Figure 1. AAV2-mediated knockdown of 5-HT2CR expression in the BLA. A, Diagram of a coronal brain slice (2.30 mm caudal to
bregma) indicates the amygdala area shown in the confocal image (20� objective) of vector transduction (eGFP fluorescence) in
the BLA. White bar represents 50 �m. EC, External capsule. B, In vivo knockdown of 5-HT2CR mRNA measured via qPCR. *p 
 0.05,
unpaired t test. C–E, Confocal images (40� objective) show expression of control vector eGFP (C; green) and 5-HT2CR (D; red) and
colocalization (E; merged view). Blue arrows denote neurons with colocalized eGFP and 5-HT2CR. White bar in C represents 50 �m.
F–H, 40� images showing expression of 5-HT2CR-shRNA knockdown vector eGFP (F; green) and 5-HT2CR (G; red), and lack of
colocalization (H; merged view), validating viral-vector-mediated 5-HT2CR knockdown. Data in A–H are from sham rats. I, J,
Quantitative analysis of 5-HT2CR protein expression. Representative cropped images of Western blot analysis using 5-HT2CR anti-
body on right BLA tissue lysates treated as indicated. GAPDH antibody was used to normalize the 5-HT2CR signal. Bar graph
(means � SE) shows quantification of the 5-HT2CR/GAPDH protein. 5-HT2CR shRNA vector reduced 5-HT2CR protein expression in
SNL and sham controls. Sham, n � 3 rats; SNL, n � 2 rats. * ,***p 
 0.05, 0.001 compared with control shRNA in shams;
���p 
 0.001 compared with control shRNA in SNL, ANOVA with Bonferroni post hoc tests.
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correction). Importantly, 5-HT2CR knockdown in the CeA had
no significant effect. The data suggest that the viral vector knock-
down strategy is specific to 5-HT2CR in the BLA.

Anxiety-like behavior
Open-arm preference (entries) on the EPM was measured during
the first 5 min as described in Materials and Methods in the

Figure 2. 5-HT2CR knockdown in the BLA inhibits nocifensive reflexes (A, B) and vocaliza-
tions (C) of neuropathic rats. A, B, Mechanical thresholds (left paw) were measured with von
Frey filaments repeatedly before and after sham/SNL surgery and before and after 5-HT2CR/
control shRNA AAV2 vector injection into the BLA (A) or CeA (B). A, Sham rats with control vector
(n � 13 rats) or 5-HT2CR knockdown vector (n � 12 rats) injected into the BLA showed no
changes. In SNL rats, 5-HT2CR shRNA (n � 17 rats), but not control vector (n � 15 rats), in the
BLA increased the withdrawal thresholds significantly. Symbols show means � SEM
���p 
 0.001 compared with presurgery; ***p 
 0.001 compared with control vector;
two-way repeated-measures ANOVA with Bonferroni correction. B, 5-HT2CR shRNA vector in-
jected into the CeA of sham or SNL rats had no effect on the significant changes of mechanical
thresholds after SNL surgery (n � 5) compared with sham controls (n � 5). ***p 
 0.001, SNL
compared with sham; two-way repeated-measures ANOVA with Bonferroni correction. C, Au-
dible and ultrasonic vocalizations evoked by brief (15 s) noxious mechanical compression (500
g/6 mm 2) of the left paw with a calibrated forceps. In sham rats, there was no difference
between 5-HT2CR knockdown (n � 12 rats) or control (n � 12 rats) vector into the BLA. In SNL
rats, 5-HT2CR knockdown vector in the BLA (n � 12 rats) inhibited vocalizations compared with
control vector (n � 12 rats). 5-HT2CR knockdown vector into the CeA (n � 5 rats) had no effect.
Measurements were made 2 weeks after vector injection; that is, 4 weeks after SNL/sham
surgery. ***p 
 0.001 compared with sham; �,��p 
 0.05, 0.01 compared with control
vector; ns, nonsignificant, ANOVA with Bonferroni correction.

Figure 3. 5-HT2CR knockdown in the BLA inhibits anxiety-like (A) and depression-like (B)
behaviors of neuropathic rats. A, Open-arm preference on the EPM was measured during the
first 5 min. In sham controls, injection of 5-HT2CR shRNA vector into the BLA (n � 11 rats) had
no significant effect compared with control vector (n � 15 rats). In SNL rats, 5-HT2CR knock-
down in the BLA (n � 16 rats) increased open-arm choice compared with control vector
(n � 17 rats). 5-HT2CR shRNA vector injected into the CeA (n � 5 rats) had no significant effect.
B, Sucrose preference in sham controls was not different between rats injected with 5-HT2CR
knockdown vector (n � 6 rats) and control vector (n � 10 rats) into the BLA. SNL rats showed
decreased sucrose preference (n � 9 rats, injected with control vector). 5-HT2CR knockdown in
the BLA increased sucrose preference (n � 5 rats). Injection of 5-HT2CR shRNA vector into the
CeA (n � 5 rats) had no effect. A, B, Measurements made 2 weeks after vector injection; that
is, 4 weeks after SNL/sham surgery. * ,**p 
 0.05, 0.01, SNL compared with sham;
�,��p 
 0.05, 0.01, 5-HT2CR shRNA compared with control shRNA vector; ns, nonsignificant,
ANOVA with Bonferroni correction.
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following experimental groups (Fig. 3A): sham controls with ste-
reotaxic injection of 5-HT2CR knockdown vector (n � 11 rats) or
control vector (n � 15 rats) into the BLA, SNL rats with stereo-
taxic injection of 5-HT2CR knockdown vector (n � 16 rats) or
control vector (n � 17 rats) into the BLA, and SNL rats with
stereotaxic injection of 5-HT2CR knockdown vector into the CeA
(n � 5 rats). Measurements were made 2 weeks after vector in-
jection; that is, 4 weeks after SNL/sham surgery. Note that all
animals were tested for mechanical hypersensitivity but some are
not included in Figure 2A because a complete time course study
was not done. 5-HT2CR knockdown had no significant effect in
sham rats (p 	 0.05, ANOVA with Bonferroni correction com-
pared with control vector). SNL rats showed decreased open-arm
preference, indicating anxiogenic effects of the pain model and
5-HT2CR knockdown in the BLA, but not CeA, of SNL rats in-
creased open-arm preference significantly (F(4,59) � 3.967,
ANOVA; p 
 0.01, Bonferroni post hoc test comparing SNL and
sham rats injected with control vector; p 
 0.05, comparing SNL
rats with and without 5-HT2CR knockdown). The data suggest
that 5-HT2CR knockdown in the BLA has anxiolytic effects in the
neuropathic pain model.

Depression-related behavior
Sucrose preference (Fig. 3B) was measured as described in Mate-
rials and Methods in the following experimental groups that were
also tested for mechanical hypersensitivity (Fig. 2A,B): sham
controls with stereotaxic injection of 5-HT2CR knockdown vec-
tor (n � 6 rats) or control vector (n � 10 rats) into the BLA, SNL
rats with stereotaxic injection of 5-HT2CR knockdown vector
(n � 5 rats) or control vector (n � 9 rats) into the BLA, and SNL
rats with stereotaxic injection of 5-HT2CR knockdown vector
into the CeA (n � 5 rats). Measurements were made 2 weeks after
vector injection; that is, 4 weeks after SNL/sham surgery. Sham
animals showed preference for sucrose and 5-HT2CR shRNA vec-
tor had no significant effect (p 	 0.05, ANOVA with Bonferroni
correction compared with control vector). SNL rats showed de-
creased sucrose preference, which is consistent with depression-
like effects of the pain model and 5-HT2CR knockdown in the
BLA, but not CeA, of SNL rats increased sucrose preference sig-
nificantly (F(4,30) � 4.008, ANOVA; p 
 0.05, Bonferroni post hoc
test comparing SNL and sham rats with control vector; p 
 0.01,
comparing SNL rats with and without 5-HT2CR knockdown).
The data suggest that 5-HT2CR knockdown in the BLA has
antidepressant-like effects in the neuropathic pain model.

5-HT2CR knockdown in the BLA inhibits neuronal activity of
CeA neurons in a neuropathic pain model
Our previous work showed that responsiveness and activity of
neurons in the amygdala output region (CeA) drives pain-related
behaviors and CeA neurons receive excitatory and inhibitory in-
puts from the BLA (Neugebauer, 2015). Therefore, we sought to
determine whether 5-HT2CR knockdown in the BLA can inhibit
activity of CeA neurons in the SNL model of neuropathic pain.
Extracellular single unit recordings of CeA neurons were made in
SNL and sham rats 2 weeks after stereotaxic injections of
5-HT2CR or control shRNA vector; that is, 4 weeks after SNL/
sham surgery (Figs. 5, 6). Recording sites in the laterocapsular
division of the CeA are shown in Figure 7. CeA neurons were
selected that responded more strongly to noxious than innocu-
ous stimuli. Background activity and responses to innocuous and
noxious compression of the hindpaw with a calibrated forceps
(see Materials and Methods) increased significantly in SNL rats
(n � 11 neurons) compared with sham controls (n � 10 neurons;
background activity, F(3,47) � 5.346; innocuous stimulation,
F(3,47) � 8.763; noxious stimulation, F(3,47) � 6.989; p 
 0.01–
0.001, ANOVA with Bonferroni correction comparing control
vector-treated SNL and sham rats). Individual examples are
shown in Figure 5, A and C. Data are summarized in Figure 5E.
Knockdown of 5-HT2CR in the BLA of SNL rats inhibited back-
ground and evoked activity of CeA neurons (n � 13) significantly
(p 
 0.05– 0.001, ANOVA with Bonferroni correction) com-
pared with CeA neurons (n � 17) recorded in SNL rats treated
with control vector (Fig. 5C,D, individual examples; Fig. 5E,
summary).

Our previous work (also see Neugebauer et al., 2004; Ji and
Neugebauer, 2009) showed that the receptive field size of CeA
neurons increased in a model of arthritis pain, indicating changes
in the central processing of afferent input. Therefore, we deter-
mined the effects of neuropathic pain and 5-HT2cR knockdown
on the receptive field of CeA neurons by mapping size of the
receptive fields using graded mechanical stimuli of innocuous
and noxious intensities. For quantification of receptive field size,
the body map was divided into 25 different sectors (Fig. 5G) as
described before (Ji and Neugebauer, 2009). The total number of
areas that contained part of the receptive field of a neuron was

Figure 4. Location of viral vector injection sites. A, Confocal images of eGFP fluorescence of
vector injected into the BLA (left) and CeA area (offsite control, right). Scale bar, 500 �m. B,
Diagrams showing coronal brain slices. Numbers indicate distance from the bregma. Symbols
show the positions of the needle tips for AAV2 vector injections into BLA (left) and CeA (right).
Scale bar, 500 �m.
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calculated and averaged for neurons in
sham and SNL rats treated with 5-HT2CR
knockdown and control vector (Fig. 5F).
Head and neck were not assessed because
of the recording situation. Receptive fields
were symmetrical and included the hind-
paws. The average receptive field size of
CeA neurons in SNL rats (n � 11 neu-
rons) was significantly larger than that of
CeA neurons in sham rats (n � 10 neu-
rons) and 5-HT2CR knockdown in the
BLA had no significant effect in sham rats
(n � 17 neurons), but decreased the re-
ceptive field size of CeA neurons in SNL
rats (n � 13 neurons) significantly
(F(3,48) � 16.98, ANOVA; p 
 0.05, Bon-
ferroni post hoc tests comparing neurons
in SNL rats and in sham rats, treated with
control vector; p 
 0.05, comparing neu-
rons in SNL rats with and without
5-HT2CR knockdown). The data suggest
that 5-HT2CR in the BLA regulates re-
sponsiveness and inputs to CeA neurons
in the neuropathic pain model.

For a more refined analysis of back-
ground activity changes in the neuro-
pathic pain model and with 5-HT2CR
knockdown, we analyzed firing patterns
(regular, irregular, bursting) in 48 CeA
neurons belonging to four experimental
groups: sham rats injected with 5-HT2CR
shRNA (n � 17 neurons) or control
shRNA vector (n � 11) into the BLA and
SNL rats injected with 5-HT2CR shRNA
(n � 11) or control shRNA vector (n � 9)
into the BLA. Background activity is
defined as action potential firing in the
absence of any intentional stimulation.
Figure 6 shows the analysis of CV2 and
ISIs as described in Materials and Meth-
ods using Spike2 software. CV2 was calcu-
lated from the SD and mean firing for two
adjacent ISIs to describe the variation in
ISIs (Holt et al., 1996). Scatter plot analy-
sis of CV2 for each pair of adjacent ISIs
against the mean of those two ISIs showed
that irregular firing (CV2 � 1) of CeA

Figure 5. 5-HT2CR knockdown in the BLA inhibits activity of CeA neurons in neuropathic rats. A–D, Examples of individual CeA
neurons (four different neurons). Peristimulus time histograms (PSTHs) show the number of action potentials (spikes) per second.
Innocuous (100 g/6 mm 2) and noxious (500 g/6 mm 2) stimuli (compression of the hindpaw) are indicated by horizontal lines.
A, CeA neuron recorded in a sham rat injected with control vector into BLA. B, CeA neuron in a sham rat with 5-HT2CR knockdown
in BLA. C, CeA neuron in an SNL rat with control vector injected into BLA. D, CeA neuron in an SNL rat with 5-HT2CR knockdown in
BLA. E, Summary. Bar histograms show mean � SE for the sample of neurons. Background activity and net evoked responses to
innocuous and noxious stimuli increased significantly in (control-vector-treated) SNL rats (n � 11 neurons) compared with
(control vector treated) shams (n�10 neurons). ** ,***p
0.01, 0.001, ANOVA with Bonferroni correction. 5-HT2cR shRNA vector
injected into BLA (n � 13 neurons) decreased background and evoked activity significantly compared with control vector

4

(n � 17 neurons). �,��,���p 
 0.05– 0.001, ANOVA
with Bonferroni correction. F, G, Receptive field size calculated
for each neuron as the number of body areas (total of 25, see
map in G) from which the neuron could be activated (Ji and
Neugebauer, 2009). Head and neck areas were not tested be-
cause of the recording situation. Bar histograms show recep-
tive field scores for the sample of neurons (same number of
neurons as in E). Receptive field size of CeA neurons in SNL rats
was significantly larger than that of neurons in sham rats;
*p 
 0.05, ANOVA with Bonferroni correction. 5-HT2CR shRNA
vector in the BLA decreased receptive field size of CeA neu-
rons in SNL rats significantly compared with neurons in SNL
rats with control vector. �p 
 0.05, ANOVA with Bonfer-
roni correction.
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Figure 6. 5-HT2CR knockdown in the BLA changes firing pattern of CeA neurons in neuropathic rats. CV2 of ISIs (left) and burst activity (right) were analyzed. A, C, E, G, Scatter plot analysis of CV2
for each pair of adjacent ISIs against the mean of those two ISIs shows regular (CV2 
 1) and irregular (CV2 � 1) firing. Individual CeA neurons from different experimental groups (one neuron
recorded in each per animal). Red lines show mean CV2 values in logarithmically spaced bins. I, Bar histograms showing means � SE of CV2 for each experimental group. Irregular firing of CeA
neurons was significantly increased in neuropathic rats (SNL, n � 9 neurons) compared with shams (n � 11 neurons, *p 
 0.05, ANOVA with Bonferroni (Figure legend continues.)
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neurons was increased in neuropathic rats (SNL) compared with
shams. 5-HT2CR knockdown in the BLA reduced the higher CV2
of CeA neurons in SNL rats significantly, but had no effect in
sham rats (Fig. 6A,C,E,G, individual examples; Fig. 6I, summary

of CV2 averaged for each experimental group; F(3,44) � 14.14,
ANOVA; p 
 0.05, Bonferroni post hoc test comparing neurons
in SNL and shams; p 
 0.001, comparing neurons in SNL rats
with and without 5-HT2CR knockdown). Next, we analyzed
bursting activity defined as follows. The first spike in a burst was
preceded by a silent period of at least 100 ms and was followed by
a second spike with an ISI �10 ms. Any subsequent spikes with
preceding ISI �10 ms were also considered as part of a burst (see
Materials and Methods). Joint ISI scatter plots (previous ISI
against the subsequent ISI) showed significantly increased burst
events (indicated by the rectangular insets in Fig. 6B,D,F,H) in
CeA neurons recorded in SNL rats compared with sham controls.
5-HT2CR knockdown in the BLA reduced the burst activity of
CeA neurons in SNL rats significantly, but had no effect in sham
rats (Fig. 6B,D,F,H, individual examples; Fig. 6J, summary of
burst frequency averaged for each experimental group; F(3,39) �
7.118, ANOVA; p 
 0.05, Bonferroni post hoc test comparing
neurons in SNL and sham rats; p 
 0.01, comparing neurons in
SNL rats with and without 5-HT2CR knockdown). The data sug-
gest that 5-HT2CR drives irregular and burst firing of CeA neu-
rons in the neuropathic pain model.

5-HT2CR knockdown in the BLA inhibits enhanced synaptic
excitation of CeA neurons in a neuropathic pain model
Neurons in the amygdala output region (CeA) receive direct ex-
citatory input and feedforward inhibition from the BLA (Neuge-
bauer, 2015). Using whole-cell patch-clamp recordings in brain
slices, EPSCs and IPSCs were evoked in laterocapsular CeA neu-
rons (Fig. 8) by focal electrical stimulation in the BLA, as in our
previous studies (Ren et al., 2013). Monosynaptic EPSCs (re-
corded at �70 mV) were mediated by non-NMDA receptors
because they were completely blocked by NBQX (10 �M). Poly-
synaptic IPSCs (recorded at 0 mV) were blocked by bicuculline
(10 �M) or NBQX (10 �M), which is generally accepted as evi-
dence for the concept of glutamate-driven feedforward inhibi-
tion (Ren et al., 2013). Brain slices were obtained from sham rats
and SNL rats 2 weeks after stereotaxic injection of 5-HT2CR or
control shRNA vector into the BLA; that is, 4 weeks after SNL/
sham surgery. I/O functions of synaptic transmission were
determined by measuring peak amplitudes of EPSCs (Fig.
8 A, C) and IPSCs (Fig. 8 B, D) as a function of stimulation
intensity (100 �A steps).

Excitatory transmission was significantly increased in slices
from SNL rats (n � 16 neurons, Fig. 8C) compared with shams
(n � 16, Fig. 8A; p 
 0.001, F(1,330) � 48.66, mean effect of
intervention, two-way ANOVA, comparing data from control
vector injected groups). 5-HT2CR knockdown in the BLA de-
creased the enhanced excitatory transmission in CeA neurons
from SNL rats (n � 8 neurons) compared with control vector
(n � 16) significantly (p 
 0.001, F(1,242) � 66.87, main effect of
treatment, two-way ANOVA; Fig. 8C). In CeA neurons from
sham rats, 5-HT2CR knockdown had a small but overall signifi-
cant effect (n � 16 neurons; p 
 0.01, F(1,330) � 9.07, main effect
of treatment, two-way ANOVA; Fig. 8A). However, post hoc anal-
ysis (Bonferroni correction) showed no significant difference be-
tween 5-HT2CR and control shRNA vector treatment for any
stimulus intensity.

Inhibitory transmission did not change significantly in slices
from SNL rats (n � 16 neurons, Fig. 8D) compared with shams
(n � 13, Fig. 8B; p 	 0.05, F(1,297) � 1.60, mean effect of inter-
vention, two-way ANOVA, comparing data from control vector
injected groups). 5-HT2CR knockdown in the BLA decreased in-
hibitory transmission in CeA neurons from sham rats (n � 16

4

(Figure legend continued.) correction). 5-HT2CR knockdown in the BLA decreased CV2 in CeA
neurons in SNL rats (n � 11) significantly compared with control shRNA (���p 
 0.001,
ANOVA with Bonferroni correction), but had no effect in sham rats (n � 17). B, D, F, H, Joint ISI
plots (previous ISI against the subsequent ISI) detected burst activity indicated by the rectan-
gular insets (dots within the dashed red lines represent the first spike in a burst). Individual CeA
neurons from different experimental groups (one neuron recorded in each per animal). J, Bar
histograms showing mean number of bursts for neurons in each experimental group (same
number of neurons as in I). Burst activity of CeA neurons was significantly higher in SNL rats
compared with shams (*p 
 0.05, ANOVA with Bonferroni correction). 5-HT2CR knockdown in
the BLA decreased burst frequency in SNL rats significantly compared with control shRNA
( 2�p 
 0.01, ANOVA with Bonferroni correction), but had no effect in sham rats.

Figure 7. Location of recording sites. Diagrams show coronal brain slices. Numbers indicate
distance from the bregma. Symbols show the positions of the tips of recording electrodes in the
CeLC based on electrolytic lesions (see Materials and Methods). Scale bars, 500 �m.
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neurons, p 
 0.01, F(1,297) � 6.62, main
effect of treatment, two-way ANOVA; Fig.
8B) and from SNL rats (n � 9 neurons,
p 
 0.001, F(1,253) � 21.69, main effect of
treatment, two-way ANOVA; Fig. 8D).
However, post hoc analysis (Bonferroni
correction) did not detect significant
differences for individual stimulus
intensities.

No effect on decay kinetics of EPSCs or
IPSCs was found (Fig. 8E,F). Analysis of
the EPSC/IPSC ratio (Fig. 8G) confirmed
a significant shift toward excitatory drive
of CeA neurons in the neuropathic pain
model and a significant inhibitory effect
of 5-HT2CR knockdown in the BLA
(F(3,41) � 7.853, ANOVA), suggesting that
this imbalance involves 5-HT2CR in the
BLA. In contrast to the 5-HT2CR-
mediated increase in excitatory trans-
mission (Fig. 8A,C), contribution of
5-HT2CR to synaptic inhibition (Fig.
8B,D) did not change in the pain model.

Increased 5-HT2CR expression in
non-GABAergic BLA cells in a
neuropathic pain model
The results so far suggested that 5-HT2CR
in the BLA drives neuropathic pain behav-
iors by increasing activity in CeA neurons
through a mechanism that involves a shift
from synaptic inhibition to enhanced ex-
citatory transmission. To determine the
mechanism of this imbalance in neuro-
pathic pain, we analyzed expression of
5-HT2CR in GABAergic (GAD-positive)
and non-GABAergic (Fig. 9) BLA cells.
Immunohistochemistry using selective
antibodies for 5-HT2CR and GAD (see
Materials and Methods) showed a signifi-
cant increase (p 
 0.001, unpaired t test)
of 5-HT2CR immunoreactivity in the BLA
in coronal brain slices from SNL rats
(n � 6 rats) compared with sham controls
(n � 6 rats). The data are summarized in
Figure 9C. Individual examples are shown
in Figure 9A. Next, we analyzed colocal-
ization of 5-HT2CR in GAD-positive (pre-

Figure 8. 5-HT2CR knockdown in the BLA inhibits excitatory synaptic drive onto CeA neurons in brain slices from neuropathic
rats. Excitatory and inhibitory postsynaptic currents (EPSCs, A, C; IPSCs, B, D) evoked by electrical stimulation in BLA were recorded
in CeA neurons in brain slices from sham rats (A, B) and SNL rats (C, D). Brain slices were obtained 2 weeks after stereotaxic injection
of 5-HT2CR shRNA or control vector into the BLA; that is, 4 weeks after SNL or sham surgery. Traces show individual synaptic
responses to stimulation with intensities of 0, 0.5 and 1.0 mA. Graphs show I/O functions obtained by plotting peak amplitude of
EPSCs or IPSCs as a function of stimulus intensity (steps of 100 �A; see Materials and Methods and Results). A, In CeA neurons from
sham rats, 5-HT2CR knockdown had little effect on excitatory transmission (n � 16 neurons) compared with control vector (n � 16
neurons). B, 5-HT2CR knockdown decreased inhibitory transmission (n � 16 neurons) compared with control vector (n � 13
neurons) in brain slices from sham rats. C, In CeA neurons from SNL rats, 5-HT2CR knockdown inhibited excitatory transmission

4

significantly (n � 16 neurons) compared with control vector
(n � 8 neurons). *,**,***p 
 0.05– 0.001, two-way ANOVA
with Bonferroni correction. D, 5-HT2CR knockdown decreased
inhibitory transmission in CeA neurons from SNL rats (n � 9
neurons) compared with control vector (n � 16). See Results
for details of the two-way ANOVA. E, F, No difference was
found in decay time (tau) of EPSCs or IPSCs. G, EPSC/IPSC ratio
increased significantly in the SNL model (n � 12 neurons)
compared with sham controls (n � 12) and was significantly
decreased with 5-HT2CR knockdown (n � 7 neurons) com-
pared with control vector (n � 16) in the SNL model. E–G,
Data obtained with stimulation intensity of 1 0.0 mA.
** ,***p 
 0.01, 0.001, ANOVA with Bonferroni correction.
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sumed GABAergic) cells. 5-HT2CR can
be found on GABAergic and non-
GABAergic cells (Carr et al., 2002; Liu et
al., 2007), but this has not been shown for
the BLA. In brain tissue from sham rats
5-HT2CR was largely colocalized in GAD-
positive cells and only 14% of BLA cells
with 5-HT2CR immunoreactivity were
GAD negative (Fig. 9B). The percent-
age of non-GAD-positive cells expressing
5-HT2CR increased significantly in BLA
tissue from SNL rats (	 40% of BLA cells
with 5-HT2CR immunoreactivity; p 

0.001, unpaired t test, Fig. 9D). These
data are consistent with an increase of
5-HT2CR expression in neuropathic
pain largely due to expression in non-
GABAergic cells in the BLA such as pyra-
midal cells that are known to provide
excitatory input to the CeA (Neugebauer,
2015).

Discussion
This study addressed the role of serotonin
receptor 5-HT2CR in the amygdala in a
model of neuropathic pain. Serotonin
plays an important role in pain modula-
tion, but its pain-related actions in the
amygdala remain to be determined. To fill
this knowledge gap, an integrative ap-
proach of gene transfer (local viral-
vector-mediated 5-HT2CR knockdown),
systems and brain slice electrophysiology,
behavioral assays, and 5-HT2CR immuno-
histochemistry was used. The results show
that local 5-HT2CR knockdown in the
amygdala input region (BLA) inhibits
neuronal activity in the amygdala output
region (CeA) by normalizing the imbal-
ance between excitatory drive and
synaptic inhibition in a rat model of neu-
ropathic pain (SNL). This imbalance re-
sulted at least in part from increased
5-HT2CR expression in non-GABA
ergic cells in the BLA. Therefore, 5-
HT2CR knockdown inhibited amygdala-driven neuropathic-
pain-related behaviors.

5-HT2CR and pain-related amygdala plasticity
The novel concept that serotonin receptor subtype 5-HT2CR
contributes critically to neuropathic-pain-related changes in
amygdala activity and behaviors is important for a number of
reasons. The amygdala has emerged as a key player in emotional-
affective aspects of pain in acute and chronic models (for a recent
review, see Neugebauer, 2015). Neuroplasticity in the amygdala
output region correlates positively with pain behaviors, so con-
trolling amygdala activity is a desirable therapeutic goal. The fo-
cus of this study on serotonin was based on the generally
beneficial effects of serotonin in pain modulation (Heinricher et
al., 2009; Ossipov et al., 2010) and the amygdala as a site of clinical
effects of SSRIs in depressed patients (Godlewska et al., 2012;
Bocchio et al., 2016). The results provide a mechanistic explana-
tion for inconsistent or weak clinical efficacy of SSRIs in neuro-

pathic pain (Dworkin et al., 2010; Lee and Chen, 2010; Finnerup
et al., 2015) by showing that 5-HT2CR contributes to enhanced
amygdala activity and neuropathic pain behaviors. Adverse
5-HT2CR function in the amygdala also serves as the neurobio-
logical basis for our recent finding (Grégoire and Neugebauer,
2013) that a 5-HT2CR antagonist (SB242084) in the amygdala
(BLA) conveyed analgesic efficacy to a systemic SSRI (fluvoxam-
ine). Likewise, SB242084 in the BLA blocked the anxiogenic ef-
fects of imipramine and fluoxetine (Vicente and Zangrossi,
2012). Greater pain relief with an SSRI in patients with peripheral
neuropathic pain was associated with a single nucleotide poly-
morphisms in the 5-HT2CR gene, possibly resulting in receptor
malfunction (Brasch-Andersen et al., 2011).

Synaptic mechanisms
Our data suggest a change in expression pattern of 5-HT2CR in
the BLA. The BLA provides direct excitatory projections to CeA
neurons (Duvarci and Pare, 2014). We found increased excit-
atory synaptic input, increased responsiveness, and irregular

Figure 9. Changes of 5-HT2CR expression in GAD-positive and GAD-negative BLA cells in the neuropathic pain model. A, 5-HT2CR
antibody immunoreactivity (IR, red fluorescence) in the BLA in representative coronal sections from a sham rat and an SNL rat.
B, Confocal photomicrographs show 5-HT2CR-IR (red), GAD-labeled GABAergic cells (green), and colocalization of 5-HT2CR and GAD
(yellow) in tissues from sham and SNL rats (top and bottom, respectively). C, Number of 5-HT2CR-IR BLA cells counted in tissues
from six sham rats (n � 18 slices) and six SNL rats (n � 18 slices). D, Percentage of non-GAD cells in the population of 5-HT2CR-IR
cells in the BLA of sham rats (n � 9 slices from n � 6 rats) and SNL rats (n � 9 slices from n � 6 rats). Coronal brain slices were
40 �m thick. See Materials and Methods for details. ***p 
 0.001, unpaired t test.
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and burst firing patterns in these neurons in a neuropathic pain
model. Increased expression of 5-HT2CR, a Gq/11 protein-
coupled receptor (Hannon and Hoyer, 2008), in non-GABAergic
BLA cells (Fig. 9) could explain the enhanced excitatory drive of
CeA neurons from BLA in neuropathic pain. Glutamatergic py-
ramidal cells and distinct types of inhibitory GABAergic neurons
are the two types of neurons found in the BLA (McDonald, 1998;
Sah et al., 2003). Another possibility is that chronic or high release
of serotonin disinhibits BLA output by reducing the excitatory
drive onto BLA interneurons (Rainnie, 1999). Under normal
conditions, 5-HT2CR in the BLA is known to be expressed in
GABAergic interneurons (see also Fig. 9) and mediates acute se-
rotonin control of BLA projection neurons by activating in-
terneurons (Bocchio et al., 2016), influencing precision and
synchrony of BLA pyramidal cells (Ryan et al., 2012). Consistent
with a change in BLA-5-HT2CR-mediated synaptic drive onto
CeA neurons in the pain model, the decay kinetics of excitatory
and inhibitory synaptic responses did not change (Fig. 8).
Changes in gating kinetics of (postsynaptic) receptors and/or
spatiotemporal profile of transmitter concentration resulting,
for example, from multivesicular release or changes in transmit-
ter clearance would affect the decay times (Nusser et al., 2001).
The amygdala receives strong serotonergic input from the mid-
brain dorsal raphe nucleus and 5-HT axons innervate pyramidal
cells and interneurons densely in the BLA, but not CeA (Parent et
al., 1981; Ma et al., 1991; Muller et al., 2007; Fernandez et al.,
2016). 5-HT2CR is localized postsynaptically to serotonergic ax-
ons (Pompeiano et al., 1994; Clemett et al., 2000). 5-HT levels
were not measured in this study, so the (relative) contribution of
changes in receptor expression and serotonin release to increased
amygdala activity in neuropathic pain remains to be determined.

In contrast to the enhanced excitatory drive from BLA to CeA,
GABAergic feedforward inhibition did not change in the neuro-
pathic pain model. BLA projection cells providing direct excit-
atory or feedforward inhibitory input to CeA neurons belong to
different subpopulations (Janak and Tye, 2015). To explain the
5-HT2CR-mediated selective change in excitatory transmission in
the neuropathic pain model, the increase of 5-HT2CR would have
to occur in the population of BLA cells that drive direct excitation
of CeA neurons. The small and unchanged contribution of
5-HT2CR to feedforward inhibition of CeA neurons under con-
trol conditions and in neuropathic pain would suggest the in-
volvement of other mechanisms in the control of GABAergic
interneurons, such as modulation by the medial prefrontal cortex
(Cho et al., 2013). Our previous studies at the acute stage of the
kaolin/carrageenan arthritis model showed decreased feedfor-
ward inhibition (Ren and Neugebauer, 2010; Ren et al., 2013).
The contribution of 5-HT2CR was not determined, but it is pos-
sible that differential effects of acute and chronic serotonin are
involved (see the previous paragraph and Rainnie, 1999).

Amygdala 5-HT2CR function beyond pain
The significance of this study extends beyond the field of pain
research. 5-HT2CR has emerged as a therapeutic target for
neuropsychiatric disorders (Millan, 2005; Heisler et al., 2007;
Christianson et al., 2010; Jensen et al., 2010), but also mediates
anxiogenic side effects of acutely administered antidepressants
such as SSRIs (Burghardt et al., 2007; Lee and Chen, 2010; Ravin-
der et al., 2011). Pointing to the amygdala as a site of action, a
5-HT2CR antagonist (SB242084) in the BLA blocked the anx-
iogenic effects of systemic imipramine and fluoxetine (Vicente
and Zangrossi, 2012). Evidence showing that anxiogenic effects
of 5-HT2CR agonists (MK-212 and CP-809101) in the BLA were

decreased by chronic antidepressants (Vicente and Zangrossi,
2014) or by physical exercise (Greenwood et al., 2012) implicates
decreased 5-HT2CR function, possibly at the transcriptional level
(reduced 5-HT2CR mRNA), in antidepressant mechanisms.

The major source of 5-HT in the amygdala is the dorsal raphe
nucleus and serotonergic fibers target primarily the lateral and
basolateral nuclei, but not CeA or intercalated cells (Bombardi,
2014; Linley et al., 2017). There is evidence for increased 5-HT
release in the BLA, but not CeA, in aversive states (Funada and
Hara, 2001; Macedo et al., 2005; Christianson et al., 2010). Anx-
iogenic effects of 5-HT2CR agonists in the BLA are well estab-
lished. CP809101 in the BLA, but not CeA, increased anxiety-like
behavior in the EPM (Pockros-Burgess et al., 2014). MK-212 in
the BLA had anxiogenic effects in the elevated T-maze and in the
light– dark transition test (Vicente and Zangrossi, 2014). RO 60 –
0175 induced an anxiogenic response in the open-field test
(Moya et al., 2011). Likewise, increased expression of 5-HT2CR in
the amygdala with a viral vector strategy (5-HT2CR promoter-
controlled 5-HT2CR sense sequence injected into the amygdala;
Li et al., 2012) or using transgenic mice overexpressing 5-HT2CR
in the brain, including the amygdala, under the control of the
CaMKIIa promoter (Kimura et al., 2009) produced anxiety-like
behavior in the EPM. Conversely, a 5-HT2CR antagonist (SB-
242084) in the BLA had anxiolytic effects, impairing inhibitory
avoidance in the elevated T-maze (Vicente and Zangrossi, 2012)
and blocking poststress anxiety in a so-called juvenile social ex-
ploration test (Christianson et al., 2010). SB-242084 in the BLA
also blocked the anxiogenic effect of systemic MK-212 in the
EPM (de Mello Cruz et al., 2005).

Particularly relevant to our work is the observation that the
anxiogenic effects of 5-HT2CR are linked to the CRF system in the
extended amygdala, including CeA. 5-HT2CR knock-out mice
showed an anxiolytic phenotype in the open-field and elevated
zero maze tests and blunted activation (decreased c-Fos immu-
noreactivity) of corticotropin releasing factor (CRF)-containing
neurons (Heisler et al., 2007). Importantly, the present study and
our previous work focused on nonaccommodating regular spik-
ing CeA neurons with parabrachial input (Neugebauer, 2015),
which are characteristics of CRF-containing CeA neurons known
to target brain/brainstem areas for behavioral modulation
(McCall et al., 2015; Pomrenze et al., 2015). Direct excitatory
CRF projections from CeA neurons to brainstem areas promote
aversive and anxiety-like behaviors (Fendt et al., 1997; Reyes et
al., 2011; Beckerman et al., 2013; McCall et al., 2015). Our results
suggest that 5-HT2CR in the BLA drives these CeA neurons to
generate neuropathic-pain-related emotional-affective responses
and anxiety- and depression-like behaviors. Amygdala-induced
neuropathic pain behavior involves actions on regulatory centers
in the brainstem such as the rostral ventromedial medulla directly
or through the periaqueductal gray (Ansah et al., 2009) and locus
ceruleus (Viisanen and Pertovaara, 2007), which are known di-
rect targets of CRF-containing CeA neurons (Reyes et al., 2011;
Penzo et al., 2014; McCall et al., 2015; Pomrenze et al., 2015).

Technical considerations
The viral vector that we used to knock down 5-HT2CR has been
validated in previous studies (Anastasio et al., 2014; Anastasio et
al., 2015). Here, we show decreased 5-HT2CR mRNA and immu-
noreactivity after focal injection of AAV-expressing 5-HT2CR
shRNA, but not control shRNA (Fig. 1). Control shRNA vector
injected into BLA and offsite control injections of 5-HT2CR
shRNA vector into CeA had no behavioral and electrophysiolog-
ical effects. Lack of effect of 5-HT2CR knockdown in the BLA in
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sham controls on behavior and on BLA-driven monosynaptic
excitatory input to the CeA (Fig. 8A), the key outcome measure
that changed in the pain model (Fig. 8C) and is known to account
for amygdala-dependent pain behaviors (for review, see Neuge-
bauer, 2015), argue against nonspecific cell damage, as does the
lack of effect of offsite injections into the CeA. Lack of effects of
CeA injections strongly support focal effects of BLA injections
and point to the BLA as the site of action of 5-HT2CR. The anti-
bodies used to detect 5-HT2CR are well established in the litera-
ture (Anastasio et al., 2014). It should also be noted that our
systems and brain slice electrophysiology focused on a well de-
fined subpopulation of amygdala/CeA neurons (see the previous
paragraph) that are closely linked to pain modulation (Neuge-
bauer, 2015), which may explain the quite consistent effect of
5-HT2CR knockdown. Finally, confounding motoric activity
changes need to be considered, but are unlikely to explain the
behavioral effects of 5-HT2CR knockdown in our study. Open- or
closed-arm preference in the EPM would be equally affected by
nonspecific or motoric changes and spinal reflexes and vocaliza-
tions increased in the pain model and decreased with 5-HT2CR
knockdown, whereas open-arm preference changed in the
opposite direction.

Conclusions
The results of the present study suggest that increased
5-HT2CR in the BLA contributes to neuropathic-pain-related
behaviors by driving synaptic excitation of CeA neurons to
increase amygdala output. We conclude that 5-HT2CR knock-
down in the BLA is an effective rescue strategy to inhibit
amygdala activity and neuropathic-pain-related behaviors.
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Grégoire S, Neugebauer V (2013) 5-HT2CR blockade in the amygdala con-
veys analgesic efficacy to SSRIs in a rat model of arthritis pain. Mol Pain
9:41. CrossRef Medline

Han JS, Neugebauer V (2004) Synaptic plasticity in the amygdala in a vis-
ceral pain model in rats. Neurosci Lett 361:254 –257. CrossRef Medline

Han JS, Bird GC, Li W, Jones J, Neugebauer V (2005a) Computerized anal-
ysis of audible and ultrasonic vocalizations of rats as a standardized mea-
sure of pain-related behavior. J Neurosci Methods 141:261–269. CrossRef
Medline

Han JS, Li W, Neugebauer V (2005b) Critical role of calcitonin gene-related
peptide 1 receptors in the amygdala in synaptic plasticity and pain behav-
ior. J Neurosci 25:10717–10728. CrossRef Medline

Hannon J, Hoyer D (2008) Molecular biology of 5-HT receptors. Behav
Brain Res 195:198 –213. CrossRef Medline

Heinricher MM, Tavares I, Leith JL, Lumb BM (2009) Descending control
of nociception: Specificity, recruitment and plasticity. Brain Res Rev 60:
214 –225. CrossRef Medline

Heisler LK, Zhou L, Bajwa P, Hsu J, Tecott LH (2007) Serotonin 5-HT(2C)
receptors regulate anxiety-like behavior. Genes Brain Behav 6:491– 496.
CrossRef Medline

Holt GR, Softky WR, Koch C, Douglas RJ (1996) Comparison of discharge
variability in vitro and in vivo in cat visual cortex neurons. J Neurophysiol
75:1806 –1814. Medline

Ikeda R, Takahashi Y, Inoue K, Kato F (2007) NMDA receptor-independent
synaptic plasticity in the central amygdala in the rat model of neuropathic
pain. Pain 127:161–172. CrossRef Medline

Janak PH, Tye KM (2015) From circuits to behaviour in the amygdala. Na-
ture 517:284 –292. CrossRef Medline

Jensen NH, Cremers TI, Sotty F (2010) Therapeutic potential of 5-HT2C
receptor ligands. ScientificWorldJournal 10:1870 –1885. CrossRef
Medline

Ji G, Neugebauer V (2009) Hemispheric lateralization of pain processing by
amygdala neurons. J Neurophysiol 1102:2253–2264. CrossRef Medline

Ji G, Fu Y, Ruppert KA, Neugebauer V (2007) Pain-related anxiety-like be-
havior requires CRF1 receptors in the amygdala. Mol Pain 3:13–17.
CrossRef Medline

Ji G, Sun H, Fu Y, Li Z, Pais-Vieira M, Galhardo V, Neugebauer V (2010)
Cognitive impairment in pain through amygdala-driven prefrontal cor-
tical deactivation. J Neurosci 30:5451–5464. CrossRef Medline

Ji G, Fu Y, Adwanikar H, Neugebauer V (2013) Non-pain-related CRF1
activation in the amygdala facilitates synaptic transmission and pain re-
sponses. Mol Pain 9:2. CrossRef Medline

Ji G, Li Z, Neugebauer V (2015) Reactive oxygen species mediate visceral pain-
related amygdala plasticity and behaviors. Pain 156:825–836. CrossRef Medline

Kimura A, Stevenson PL, Carter RN, Maccoll G, French KL, Simons JP,
Al-Shawi R, Kelly V, Chapman KE, Holmes MC (2009) Overexpression
of 5-HT2C receptors in forebrain leads to elevated anxiety and hypoac-
tivity. Eur J Neurosci 30:299 –306. CrossRef Medline

Lee YC, Chen PP (2010) A review of SSRIs and SNRIs in neuropathic pain.
Expert Opin Pharmacother 11:2813–2825. CrossRef Medline

Li Q, Luo T, Jiang X, Wang J (2012) Anxiolytic effects of 5-HT(1)A recep-
tors and anxiogenic effects of 5-HT(2)C receptors in the amygdala of
mice. Neuropharmacology 62:474 – 484. CrossRef Medline

Linley SB, Olucha-Bordonau F, Vertes RP (2017) Pattern of distribution of
serotonergic fibers to the amygdala and extended amygdala in the rat.
J Comp Neurol 525:116 –139. CrossRef Medline

Liu S, Bubar MJ, Lanfranco MF, Hillman GR, Cunningham KA (2007)
Serotonin(2C) receptor localization in GABA neurons of the rat medial
prefrontal cortex: Implications for understanding the neurobiology of
addiction. Neuroscience 146:1677–1688. CrossRef Medline

Lowry CA (2002) Functional subsets of serotonergic neurones: implications
for control of the hypothalamic-pituitary-adrenal axis. J Neuroendocri-
nol 14:911–923. CrossRef Medline

Ma QP, Yin GF, Ai MK, Han JS (1991) Serotonergic projections from the
nucleus raphe dorsalis to the amygdala in the rat. Neurosci Lett 134:21–
24. CrossRef Medline

Macedo CE, Martinez RC, de Souza Silva MA, Brandão ML (2005) Increases
in extracellular levels of 5-HT and dopamine in the basolateral, but not in
the central, nucleus of amygdala induced by aversive stimulation of the
inferior colliculus. Eur J Neurosci 21:1131–1138. CrossRef Medline

McCall JG, Al-Hasani R, Siuda ER, Hong DY, Norris AJ, Ford CP, Bruchas
MR (2015) CRH engagement of the locus coeruleus noradrenergic sys-
tem mediates stress-induced anxiety. Neuron 87:605– 620. CrossRef
Medline

McDonald AJ (1998) Cortical pathways to the mammalian amygdala. Prog
Neurobiol 55:257–332. CrossRef Medline

Millan MJ (2005) Serotonin 5-HT2C receptors as a target for the treatment
of depressive and anxious states: focus on novel therapeutic strategies.
Therapie 60:441– 460. CrossRef Medline

Millan MJ, Marin P, Bockaert J, Mannoury la Cour C (2008) Signaling at
G-protein-coupled serotonin receptors: recent advances and future re-
search directions. Trends Pharmacol Sci 29:454 – 464. CrossRef Medline

Moya PR, Fox MA, Jensen CL, Laporte JL, French HT, Wendland JR, Murphy
DL (2011) Altered 5-HT2C receptor agonist-induced responses and
5-HT2C receptor RNA editing in the amygdala of serotonin transporter
knockout mice. BMC Pharmacol 11:3. CrossRef Medline

Muller JF, Mascagni F, McDonald AJ (2007) Serotonin-immunoreactive
axon terminals innervate pyramidal cells and interneurons in the rat ba-
solateral amygdala. J Comp Neurol 505:314 –335. CrossRef Medline

Nakao A, Takahashi Y, Nagase M, Ikeda R, Kato F (2012) Role of capsaicin-
sensitive C-fiber afferents in neuropathic pain-induced synaptic potenti-
ation in the nociceptive amygdala. Mol Pain 8:51. CrossRef Medline

Neugebauer V (2015) Amygdala pain mechanisms. Handb Exp Pharmacol
227:261–284. CrossRef Medline

Neugebauer V, Li W, Bird GC, Bhave G, Gereau RW 4th (2003) Synaptic
plasticity in the amygdala in a model of arthritic pain: differential roles of
metabotropic glutamate receptors 1 and 5. J Neurosci 23:52– 63. Medline

Neugebauer V, Li W, Bird GC, Han JS (2004) The amygdala and persistent
pain. Neuroscientist 10:221–234. CrossRef Medline

Neugebauer V, Han JS, Adwanikar H, Fu Y, Ji G (2007) Techniques for
assessing knee joint pain in arthritis. Mol Pain 3:8 –20. CrossRef Medline

Nusser Z, Naylor D, Mody I (2001) Synapse-specific contribution of the
variation of transmitter concentration to the decay of inhibitory postsyn-
aptic currents. Biophys J 80:1251–1261. CrossRef Medline

Ossipov MH, Dussor GO, Porreca F (2010) Central modulation of pain.
J Clin Invest 120:3779 –3787. CrossRef Medline

Parent A, Descarries L, Beaudet A (1981) Organization of ascending sero-
tonin systems in the adult rat brain. A radioautographic study after intra-
ventricular administration of [3H]5-hydroxytryptamine Neuroscience
6:115–138. Medline

Penzo MA, Robert V, Li B (2014) Fear conditioning potentiates synaptic
transmission onto long-range projection neurons in the lateral subdivi-
sion of central amygdala. J Neurosci 34:2432–2437. CrossRef Medline

Phelps EA, LeDoux JE (2005) Contributions of the amygdala to emotion
processing: from animal models to human behavior. Neuron 48:175–187.
CrossRef Medline

Pockros-Burgess LA, Pentkowski NS, Der-Ghazarian T, Neisewander JL
(2014) Effects of the 5-HT2C receptor agonist CP809101 in the amygdala
on reinstatement of cocaine-seeking behavior and anxiety-like behavior.
Int J Neuropsychopharmacol 17:1751–1762. CrossRef Medline

1392 • J. Neurosci., February 8, 2017 • 37(6):1378 –1393 Ji et al. • 5-HT2C Receptor Signaling in Amygdala in Pain

http://dx.doi.org/10.1016/S1474-4422(14)70251-0
http://www.ncbi.nlm.nih.gov/pubmed/25575710
http://dx.doi.org/10.1523/JNEUROSCI.0227-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18400885
http://dx.doi.org/10.1016/S0006-8993(01)02160-6
http://www.ncbi.nlm.nih.gov/pubmed/11368973
http://dx.doi.org/10.1017/S0033291712000591
http://www.ncbi.nlm.nih.gov/pubmed/22716999
http://dx.doi.org/10.1111/j.1460-9568.2012.08235.x
http://www.ncbi.nlm.nih.gov/pubmed/22861166
http://dx.doi.org/10.1016/j.expneurol.2008.04.043
http://www.ncbi.nlm.nih.gov/pubmed/18599044
http://dx.doi.org/10.1371/journal.pone.0046118
http://www.ncbi.nlm.nih.gov/pubmed/23049953
http://dx.doi.org/10.1186/1744-8069-9-41
http://www.ncbi.nlm.nih.gov/pubmed/23937887
http://dx.doi.org/10.1016/j.neulet.2003.12.027
http://www.ncbi.nlm.nih.gov/pubmed/15135941
http://dx.doi.org/10.1016/j.jneumeth.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15661308
http://dx.doi.org/10.1523/JNEUROSCI.4112-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16291945
http://dx.doi.org/10.1016/j.bbr.2008.03.020
http://www.ncbi.nlm.nih.gov/pubmed/18571247
http://dx.doi.org/10.1016/j.brainresrev.2008.12.009
http://www.ncbi.nlm.nih.gov/pubmed/19146877
http://dx.doi.org/10.1111/j.1601-183X.2007.00316.x
http://www.ncbi.nlm.nih.gov/pubmed/17451451
http://www.ncbi.nlm.nih.gov/pubmed/8734581
http://dx.doi.org/10.1016/j.pain.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17055162
http://dx.doi.org/10.1038/nature14188
http://www.ncbi.nlm.nih.gov/pubmed/25592533
http://dx.doi.org/10.1100/tsw.2010.180
http://www.ncbi.nlm.nih.gov/pubmed/20852829
http://dx.doi.org/10.1152/jn.00166.2009
http://www.ncbi.nlm.nih.gov/pubmed/19625541
http://dx.doi.org/10.1186/1744-8069-3-13
http://www.ncbi.nlm.nih.gov/pubmed/17550594
http://dx.doi.org/10.1523/JNEUROSCI.0225-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20392966
http://dx.doi.org/10.1186/1744-8069-9-2
http://www.ncbi.nlm.nih.gov/pubmed/23410057
http://dx.doi.org/10.1097/j.pain.0000000000000120
http://www.ncbi.nlm.nih.gov/pubmed/25734993
http://dx.doi.org/10.1111/j.1460-9568.2009.06831.x
http://www.ncbi.nlm.nih.gov/pubmed/19614978
http://dx.doi.org/10.1517/14656566.2010.507192
http://www.ncbi.nlm.nih.gov/pubmed/20642317
http://dx.doi.org/10.1016/j.neuropharm.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21925519
http://dx.doi.org/10.1002/cne.24044
http://www.ncbi.nlm.nih.gov/pubmed/27213991
http://dx.doi.org/10.1016/j.neuroscience.2007.02.064
http://www.ncbi.nlm.nih.gov/pubmed/17467185
http://dx.doi.org/10.1046/j.1365-2826.2002.00861.x
http://www.ncbi.nlm.nih.gov/pubmed/12421345
http://dx.doi.org/10.1016/0304-3940(91)90499-J
http://www.ncbi.nlm.nih.gov/pubmed/1815148
http://dx.doi.org/10.1111/j.1460-9568.2005.03939.x
http://www.ncbi.nlm.nih.gov/pubmed/15787718
http://dx.doi.org/10.1016/j.neuron.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26212712
http://dx.doi.org/10.1016/S0301-0082(98)00003-3
http://www.ncbi.nlm.nih.gov/pubmed/9643556
http://dx.doi.org/10.2515/therapie:2005065
http://www.ncbi.nlm.nih.gov/pubmed/16433010
http://dx.doi.org/10.1016/j.tips.2008.06.007
http://www.ncbi.nlm.nih.gov/pubmed/18676031
http://dx.doi.org/10.1186/1471-2210-11-3
http://www.ncbi.nlm.nih.gov/pubmed/21473759
http://dx.doi.org/10.1002/cne.21486
http://www.ncbi.nlm.nih.gov/pubmed/17879281
http://dx.doi.org/10.1186/1744-8069-8-51
http://www.ncbi.nlm.nih.gov/pubmed/22776418
http://dx.doi.org/10.1007/978-3-662-46450-2_13
http://www.ncbi.nlm.nih.gov/pubmed/25846623
http://www.ncbi.nlm.nih.gov/pubmed/12514201
http://dx.doi.org/10.1177/1073858403261077
http://www.ncbi.nlm.nih.gov/pubmed/15155061
http://dx.doi.org/10.1186/1744-8069-3-8
http://www.ncbi.nlm.nih.gov/pubmed/17391515
http://dx.doi.org/10.1016/S0006-3495(01)76101-2
http://www.ncbi.nlm.nih.gov/pubmed/11222289
http://dx.doi.org/10.1172/JCI43766
http://www.ncbi.nlm.nih.gov/pubmed/21041960
http://www.ncbi.nlm.nih.gov/pubmed/6164006
http://dx.doi.org/10.1523/JNEUROSCI.4166-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24523533
http://dx.doi.org/10.1016/j.neuron.2005.09.025
http://www.ncbi.nlm.nih.gov/pubmed/16242399
http://dx.doi.org/10.1017/S1461145714000856
http://www.ncbi.nlm.nih.gov/pubmed/24984080


Pompeiano M, Palacios JM, Mengod G (1994) Distribution of the serotonin
5-HT2 receptor family mRNAs: comparison between 5-HT2A and 5-HT2C

receptors. Mol Brain Res 23:163–178. CrossRef Medline
Pomrenze MB, Millan EZ, Hopf FW, Keiflin R, Maiya R, Blasio A, Dadgar J,

Kharazia V, De Guglielmo G, Crawford E, Janak PH, George O, Rice KC,
Messing RO (2015) A transgenic rat for investigating the anatomy and
function of corticotrophin releasing factor circuits. Front Neurosci 9:487.
Medline

Rainnie DG (1999) Serotonergic modulation of neurotransmission in the
rat basolateral amygdala. J Neurophysiol 82:69 – 85. Medline

Ravinder S, Pillai AG, Chattarji S (2011) Cellular correlates of enhanced
anxiety caused by acute treatment with the selective serotonin reuptake
inhibitor fluoxetine in rats. Front Behav Neurosci 5:88. CrossRef Medline

Ren W, Neugebauer V (2010) Pain-related increase of excitatory transmission and
decrease of inhibitory transmission in the central nucleus of the amygdala are
mediated by mGluR1. Mol Pain 6:93–106. CrossRef Medline
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