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Introduction: Neuropathic pain is characterized by mechanical allodynia and

thermal (heat and cold) hypersensitivity, yet the underlying neural mechanisms

remain poorly understood.

Methods: Using chemogenetic excitation and inhibition, we examined the role

of inhibitory interneurons in the basolateral amygdala (BLA) in modulating pain

perception following nerve injury.

Results: Chemogenetic excitation of parvalbumin-positive (PV+) interneurons

significantly alleviated mechanical allodynia but had minimal effects on thermal

hypersensitivity. However, inhibition of PV+ interneurons did not produce

significant changes in pain sensitivity, suggesting that reductions in perisomatic

inhibition do not contribute to chronic pain states. In contrast, bidirectional

modulation of somatostatin-positive (SST+) interneurons influenced pain

perception in a modality-specific manner. Both excitation and inhibition of

SST+ interneurons alleviated mechanical allodynia, indicating a potential

compensatory role in nociceptive processing. Additionally, SST+ neuron

excitation reduced cold hypersensitivity without affecting heat hypersensitivity,

whereas inhibition improved heat hypersensitivity but not cold responses.

Discussion: Our findings suggest that, in addition to PV+ neurons, SST+

interneurons in the BLA play complex roles in modulating neuropathic pain

following nerve injury and may serve as a potential target for future

neuromodulation interventions in chronic pain management.

KEYWORDS
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Introduction

Neuropathic pain is a chronic and debilitating condition that arises from damage to the

nervous system, often manifesting in the absence of noxious stimuli. This form of pain is

typically associated with disorders such as diabetes, trauma, or neurodegenerative diseases,

and is characterized by spontaneous bouts of pain, allodynia, and hyperalgesia. The global

prevalence of neuropathic pain is estimated at approximately 8% of the population and has

a substantial impact on quality of life, making it a significant public health issue (1, 2). In

addition to its negative impact on the quality of life, recent studies have suggested that
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severe chronic pain is strongly correlated with the rate of cognitive

decline and an elevated risk of dementia (3). Despite the burden of

neuropathic pain on society, many current pharmacological

approaches fail to provide sustained relief without undesirable

side effects (4). Consequently, there is a critical need for better

therapeutic interventions that target the underlying neural

mechanisms of pain perception (5).

Perceptual processing is a highly adaptive process that depends

on the characteristics of sensory inputs and behavioral state (6–10).

Chronic pain is increasingly recognized as a disorder of

maladaptive neural plasticity, involving long-term changes in

synaptic strength, inhibitory tone, and neuromodulatory systems

(11, 12). The basolateral amygdala (BLA) is a key structure in

this process, integrating sensory input with emotional valence

and contributing to the persistence of pain states (13–15). Lesion

studies and electrophysiological recordings have demonstrated

that neuronal activity within the BLA correlates with both the

intensity and affective dimensions of pain (16), with evidence

suggesting that synaptic and cellular reorganization within this

region facilitates the transition from acute to chronic pain (17).

A growing body of work suggests that inhibitory interneurons

in the BLA play a pivotal role in regulating pain-related plasticity.

Parvalbumin-expressing (PV+) interneurons provide perisomatic

inhibition that stabilizes excitatory network activity and

contributes to pain modulation (18). Conversely, somatostatin-

expressing (SST+) interneurons primarily target distal dendrites,

influencing synaptic integration and network dynamics (19, 20).

While PV+ and SST+ interneurons are well-characterized in

cortical circuits, their functional contributions to BLA-dependent

pain modulation remain not fully understood.

Emerging research shows that these interneuron populations

exhibit anatomical and functional heterogeneity. Previous studies

have identified multiple subgroups of SST+ interneurons in the

central nucleus of the amygdala and BLA, some of which project to

downstream autonomic and nociceptive processing centers (21–26).

Similarly, PV+ interneurons in the BLA have been implicated in the

regulation of oscillatory network activity and sensory gating (27,

28). Given the involvement of these interneurons in regulating

emotional and sensory processing, it is plausible that their

dysfunction contributes to chronic pain pathology.

In this study, we investigated the specific contributions of PV+

and SST+ interneurons in regulating nociceptive processing in the

BLA. Using a chemogenetic approach, we examined how

manipulation of these interneuron subtypes affects mechanical,

thermal, and cold allodynia. Our findings suggest that SST+ and

PV+ neurons exert distinct yet complementary roles in shaping

pain-related behaviors, with potential implications for targeted

neuromodulation therapies.

Methods

Animals and surgical procedures

All experimental procedures were approved by the Columbia

University Institutional Animal Care and Use Committee

(IACUC) and were conducted with compliance with NIH

guidelines. Twenty-four adult mice of both male and female sex

(12 female and 12 male), aged 3–6 months, were used in the

experiments. The strains used were SST-IRES-Cre (RRID:

IMSR_JAX:013044, 7 females and 8 males in which 3 females

and 3 males were used for BLA SST+ neuron excitation

experiments and 4 females and 5 males were used for BLA SST+

neuron inhibition experiments.) and PV-IRES-Cre (RRID:

IMSR_JAX:017320, 5 females and 4 males in which 2 females

and 2 males were used for BLA PV+ neuron excitation

experiments and 3 females and 2 males were used for BLA PV+

neuron inhibition experiments). All mice were kept under a

12-hour light-dark cycle.

Intracranial adeno-associated virus injection
The procedure for injecting the viral vector solutions is similar to

that in our previous studies (29). Mice were initially anesthetized

with 5% isoflurane in an induction chamber. Once the animal’s

condition stabilized, it was mounted onto a stereotaxic frame

using a pair of non-puncture ear bars (Kopf Instruments, Tujunga,

CA). The head was carefully leveled. Throughout the surgical

procedure, 2% isoflurane was used to maintain the surgical plane

of anesthesia, and the animal’s body temperature was maintained

at 38°C using a feedback-controlled heating pad (FHC,

Bowdoinham, ME). Buprenorphine (0.05 mg/kg, subcutaneous)

was subsequently administered to provide preemptive analgesia.

During aseptic preparation, the fur on the skull was shaved to

create a clean site for incision. The area was sterilized using three

alternating passes of 70% alcohol swabs and betadine, followed

by a subcutaneous injection of 2% lidocaine into the scalp. An

incision was then made to expose the skull, and a burr hole was

drilled above the right BLA (AP: −1.4 mm, ML: 2.8 mm, DV:

−4.9 mm) (30), with saline applied to the craniotomy to prevent

drying of the brain surface. We targeted the right BLA based on

evidence from earlier research that linked tactile hypersensitivity

to increased activity in the amygdala on the right side of the

mouse’s brain (16, 31–33). Pulled capillary glass micropipettes

were back-filled with 150 nl AAV solution (pAAV1-hSyn-DIO-

hM3D(Gq)-mCherry or pAAV1-hSyn-DIO-hM4D(Gi)-mCherry),

which was subsequently injected into the BLA at 0.7 nl/s using a

precision injection system (Nanoliter 2020, World Precision

Instruments, Sarasota, FL). The pipette was left in place for at

least 10 min following injection and slowly withdrawn. Following

the withdrawal of the pipette, skin was closed with Vetbond.

Baytril (5 mg/kg) and Ketoprofen (5 mg/kg) were administered

postoperatively for 5 days.

Constriction nerve injury (CNI) procedure
Nerve injury surgeries were performed 10 days following AAV

injection surgery. The injury was induced using a chronic

constriction method similar to previously described (34). In

aseptic surgeries, mice were initially anesthetized with isoflurane.

To access the left lateral thigh of the mouse, the animal was

placed on its side, and limbs were secured to the surgical surface

to ensure stability of the leg during surgery. A 1 cm thick gauze

pad was placed between the hind legs to provide support to the
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leg and make access more feasible. After shaving the surgical site, a

1 cm long incision was made in the proximal one third of the lateral

thigh of the left leg. The sciatic nerve was exposed by opening muscle

fascia between the gluteus superficialis and biceps femoris muscles

using sterilized toothpicks to push apart muscle fibers without

causing damage to nearby blood vessels. The sciatic nerve was

then raised from the cavity using fine-tip forceps inserted under

the nerve and gently stretched using said forceps. Three nylon

ligatures were tied around the sciatic nerve 2 mm apart, to cause

enough constriction to the nerve without preventing epineural

blood flow. The wound was closed with absorbable sutures in the

muscle and skin. Baytril (5 mg/kg) was administered

subcutaneously and Triple antibiotics ointment was applied for 3

days in post-operative care. The animal is allowed to recover from

surgery for 3 days before injured baseline behavioral testing begins.

Chemogenetic manipulation

To test the role of SST+ or PV+ interneurons in the BLA in pain

behavior, we performed 7 days of chemogenetic manipulation (i.e.,

treatment) and 3 days of saline control (sham-treatment). For all

chemogenetic manipulation experiments, clozapine-N-oxide

(CNO; Hello Bio, NJ) was injected i.p. (3 mg/kg body weight)

30 min prior to testing. On sham-treatment days, an equivalent

volume of saline was injected i.p. 30 min prior to testing.

Treatment and sham-treatment sessions were randomly interleaved

and were blind to the experimenter who conducted behavioral tests.

Nociceptive behavioral assays

All behavioral assays were performed by an experimenter

blinded to the mouse group and administered treatment. Baseline

data were collected within the 5 days preceding the AAV

injection surgery. CNI baseline measurements were obtained

between days 4 and 8 following the CNI procedure. The effects

of BLA interneuron manipulations were assessed within 11 days

after the completion of CNI baseline data collection (Figure 1A).

Von Frey tests for mechanical allodynia

Mice were habituated on an elevated acrylic mesh platform in

4 × 4 × 3 inch acrylic boxes for 30 min before mechanical

stimulation with a von Frey filament (Figure 1D) (35). The

sensitivity of the paw to mechanical stimulation was measured

using an electronic von Frey aesthesiometer (eVF, Model: 38450,

Ugo Basile). Once the filament is applied, the eVF records the

force readout (gF) and latency (s). Mechanical paw withdrawal

threshold was defined as the force applied by the filament

causing the paw to withdraw. Three measurements were taken

for each of the hindpaws, ipsilateral and contralateral to the

injury side, per session. Each animal underwent 3–5 baseline

sessions prior to CNI, 3–5 sessions to establish the CNI baseline,

and 11 sessions to assess the effects of BLA manipulations

(including 9 treatment and 2 sham sessions for one mouse, and

8 treatment and 3 sham sessions for the remaining 23 mice).

Acetone test for cold sensitivity

Mice were habituated on an elevated acrylic mesh platform in

4 × 4 × 3 in acrylic boxes for 30 min prior to application of acetone

droplet (Figure 1E). Acetone was loaded into a 5 ml pipette and a

drop was lightly applied through the acrylic mesh to the plantar

surface of the hindpaw, without touching the paw with the pipette

to avoid false response (35). Nociceptive responses after applying

acetone droplet to the mouse’s hindpaw were quantified using a

version of the scoring system described (36) where 0 =minimal to

no lifting, licking, or shaking of the hindpaw; 1 = lifting, licking,

and/or shaking of the hindpaw, continuing for between 1 and 5 s;

2 = lifting, licking, and/or shaking of the hindpaw, prolonged or

repetitive, extending beyond 5 s after application of acetone (36).

Responses to acetone were gauged 5 times per hindpaw per session.

Each animal underwent 1 session before CNI, 1–2 sessions to

establish the CNI baseline, and 3 sessions (2 treatment and 1 sham)

for evaluating the effects of BLA manipulations.

Hargreaves tests for heat sensitivity

Mice were habituated on an elevated ⅛ inch thick glass platform

in a 2 × 2 × 2 inch ventilated acrylic box for 30 min prior to

application of a thermal stimulus using a constant radiant heat

source (Model: 7371, Ugo Basile) with an active intensity of 25%

to the plantar surface of each hind paw through the glass surface

(Figure 1F) (35). The latency for paw withdrawal was measured

five times per hindpaw. Each animal underwent 1 session before

CNI, 1 session to establish the CNI baseline, and 3 sessions

(2 treatment and 1 sham) to assess the effect of BLA manipulations.

Histology

At the end of the study, a subset of SST-Cre mice from the

experimental cohort was anesthetized and transcardially perfused

with phosphate buffered saline (PBS) followed immediately by

ice-cold 4% paraformaldehyde (PFA). The brain was carefully

extracted from the skull and post-fixed for 24 h at 4°C in 4%

PFA, and then preserved in a 30% sucrose (wt/vol) PBS solution

for 72 h at 4 °C. After 3 days, extracted brains were embedded in

optimum cutting temperature compound, and 30-μm coronal

slices were obtained using a cryostat (CM1950, Leica

Microsystems), and placed on a glass microscope slide. Brain

slices were washed three times in PBS followed by placement and

mounting of a coverslip using Fluoromount-G medium with

DAPI. The slices were imaged using 20x under a confocal

microscope (Nikon Ti2) with a spinning disk (Yokogawa CSU-

W1). Since we used SST-Cre and PV-Cre transgenic mouse lines

in combination with AAV vectors encoding a double-floxed

inverted DREADD-mCherry sequence for Cre-dependent

expression, DREADD expression in SST+/PV+ neurons was

confirmed by detecting unamplified mCherry fluorescence signals.

Data analysis

All data analyses were conducted on individual animals. The

averages and standard errors of means were then calculated
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across animals for each experimental group. For von Frey and

Hargreaves tests, the normalized change between two hindpaws

was calculated as Vuninjured � Vinjured=Vuninjured þ Vinjured, where

Vuninjured is the measurement from the hindpaw on the uninjured

side, while Vinjured is the measurement from the hindpaw on the

injured side. Because in acetone tests, the hindpaw on the

injured side usually had a higher score, the normalized change

was calculated as Vinjured � Vuninjured=Vinjured þ Vuninjured, where

Vuninjured is the measurement from the hindpaw on the uninjured

side, while Vinjured is the measurement from the hindpaw on the

injured side. Following normalization, undefined values were

excluded from the data analysis.

Statistics

One-sample Kolmogorov–Smirnov test was used to verify the

normality of the data. For data with a normal distribution, a

Student’s t-test was performed. Otherwise, the Mann–Whitney

U-test for unpaired samples or the Wilcoxon Signed Rank test

was used for paired samples. One-way ANOVA was performed

to determine significance of normalized plots comparing injured

baseline, activation/inhibition, and saline-control responses.

Results

To assess the behavioral outcome of constriction nerve injury

(CNI), we first measured the baseline sensitivity to mechanical

(von Frey), thermal (infrared heat), and cold (acetone) stimuli

prior to the induction of CNI (Figure 1). Before the injury, we

did not find significant differences between the two hindpaws in

sensitivity to the mechanical (6.69 ± 0.15 vs. 6.54 ± 0.17, p = 0.47,

paired Student’s t-test; Figure 1D), and cold stimulus

(0.175 ± 0.039 vs. 0.125 ± 0.038, p = 0.27, Wilcoxon Signed Rank

test; Figure 1E). However, there was a small but significant

difference in the latency in response to thermal stimuli between

the two hindpaws (6.74 ± 0.25 vs. 5.86 ± 0.27, p = 0.007, paired

FIGURE 1

Experimental setup and baseline results of the behavioral assays. (A) The timeline of the study. (B) Photo of example CNI. (C) Example

immunohistology confirming expression of DREADD receptors in SST+ neurons in the BLA. White arrows indicate SST+ neurons. (D) Photo of a

von Frey test (top) and withdrawal thresholds in von Frey tests prior to CNI (bottom). 106 sessions from 12 female (5 PV-Cre, and 7 SST-Cre) and

12 male (4 PV-Cre, and 8 SST-Cre) mice. (E) Photo of an acetone test (top) and response scores in acetone tests prior to CNI (bottom). 24

sessions from 12 female (5 PV-Cre, and 7 SST-Cre) and 12 male (4 PV-Cre, and 8 SST-Cre) animals. (F) Photo of a Hargreaves test (top) and

withdrawal latencies in Hargreaves tests prior to CNI (bottom). 24 sessions from 12 female (5 PV-Cre, and 7 SST-Cre) and 12 male (4 PV-Cre, and

8 SST-Cre) animals. Triangle symbols denote female animals while square symbols denote male animals. Each symbol represents an individual

animal. Error bars indicate 1 S.E.M.
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Student’s t-test; Figure 1F). We also segregated the baseline data by

sex and found that the results of the von Frey tests were consistent

between male and female animals (Supplementary Figure S1). After

CNI, the mice exhibited hypersensitivity to mechanical and

thermal stimulus in the injured hindpaw compared to the

uninjured paw (Figures 2–4), confirming the neuropathic

pain model.

Excitation of PV+ interneurons in the BLA
alleviates mechanical but not thermal
allodynia

Following the CNI, mice developed robust mechanical,

thermal, and cold hypersensitivity in the hindpaw on the injured

side compared to the uninjured side. For mice with excitatory

DREADD receptors expressed in parvalbumin-expressing (PV+)

neurons in the basolateral amygdala (BLA), their mechanical paw

withdrawal thresholds were significantly reduced for the injured

side as compared to the uninjured side (2.07 ± 0.4 vs.

6.56 ± 0.65 g, p = 0.003, paired Student’s t-test, Figure 2A left

panel. Supplementary Figure S2 for session-wise data). Similarly,

the withdrawal latencies of the paw on the injured side in

response to infrared heat (Hargreaves test) were shorter

(1.83 ± 0.32 vs. 4.49 ± 0.3 s, p = 0.001, paired Student’s t-test,

Figure 2A middle panel), and their acetone-evoked cold

responses were enhanced compared to the hindpaw on the

uninjured side (1.35 ± 0.21 vs. 0.05 ± 0.05, p = 0.005, paired

Student’s t-test) (Figure 2A, right panel). These changes were

consistent with persistent allodynia and hyperalgesia induced by

CNI (1, 34). Given that these animals showed little difference in

these assays between the two paws prior to CNI, the observed

hypersensitivity following nerve injury confirmed the replication

of a neuropathic pain model upon which we will subsequently

test the effects of various chemogenetic manipulations on

pain perception.

Chemogenetic activation of PV-expressing GABAergic

interneurons in the BLA significantly ameliorated neuropathic

pain behaviors induced by CNI in von Frey tests. Following

CNO-mediated activation of PV+ neurons, the mice exhibited a

marked increase in mechanical withdrawal thresholds for the

injured paw, resulting in a comparable threshold to the uninjured

paw (8.7 ± 0.51 vs. 7.84 ± 0.47, p = 0.16, paired Student’s t-test,

Figure 2B, left panel. Supplemental Figure S2B). As expected, the

administration of saline, which served as a sham control for

CNO-mediated activation of PV+ neurons in the BLA, did not

decrease the difference in von Frey withdrawal threshold between

the injured and uninjured hindpaws (5.08 ± 0.23 vs. 7.89 ± 0.38,

p = 0.005, paired Student’s t-test, Figure 2C, left panels.

Supplementary Figure 2C for session-wise data).

To further quantify the effect of the excitation of PV+ neurons

in the BLA, we calculated the normalized difference in all responses

between the injured and uninjured paws, which is the difference of

the measure between the two paws over the sum of the measure of

the two paws (see Methods). A normalized difference of 0 would

indicate that the injured and uninjured paws had the same

response to the behavioral tests. For the von Frey test, the

excitation of BLA PV+ neurons decreased the normalized

difference induced by the CNI, and maintained a significant

difference with response to saline (p = 0.007, post-hoc Tukey-

Kramer test; p = 1.5 × 10−4, repeated measures ANOVA test for

three conditions, Figure 2D, left panel. Supplementary

Figure S2D for session-wise data).

Similarly, heat hypersensitivity was improved by the activation

of PV+ neurons in the BLA, with differences in the withdrawal

latencies between the two hindpaws vanishing after excitation of

BLA PV+ neurons (6.04 ± 0.97 vs. 6.65 ± 1.38, p = 0.35, paired

Student’s t-test, Figure 2B, middle panel). However, in the saline

control sessions, the difference between the two hindpaws was

not statically significant (5.61 ± 1.96 vs. 8.31 ± 1.09, p = 0.25,

paired Student’s t-test, Figure 2C, middle panel), probably due to

the small number of samples. When looking at the normalized

difference between PV+ excitation and saline control sessions for

Hargreaves tests, although there is a significant difference among

the groups (p = 0.038, repeated measures ANOVA test), the

normalized difference during BLA PV+ excitation was not

significantly different than that in sham control conditions

(p = 0.40, post-hoc Tukey-Kramer test, Figure 2D, middle panel),

suggesting that the excitation of PV+ interneurons in the BLA

only minimally reduces thermal allodynia.

In the acetone induced cold test, we still observed a significant

difference in the response score following the excitation of PV+

neurons in the BLA (0.48 ± 0.08 vs. 0.13 ± 0.05, p = 0.012, paired

Student’s t-test, Figure 2B, right panel). In the saline controls,

the differences in the response score between the two hindpaws

were marginally significant (1.05 ± 0.25 vs. 0.15 ± 0.1, p = 0.05,

paired Student’s t-test, Figure 2C, right panel). However, the

normalized difference was about the same between the PV+

excitation sessions and the saline control sessions (p = 0.29,

repeated measures ANOVA test, Figure 2D, right panel),

indicating that the excitation of PV+ interneurons in the BLA

has no beneficial effects.

Taken together, these results suggest that the activation of PV+

interneurons in the BLA selectively alleviates mechanical allodynia

while exerting little effects on heat and cold hypersensitivity.

Inhibition of PV+ interneurons in the BLA
had no effect on neuropathic
hypersensitivity

In contrast, chemogenetic inhibition of PV+ interneurons in

the BLA did not significantly improve mechanical, thermal, or

cold hypersensitivity induced by CNI. In the von Frey tests, paw

withdrawal thresholds differed significantly between ipsilateral

and contralateral hindpaws following CNI (2.86 ± 0.7 vs.

6.81 ± 0.55 g, p = 0.005, paired Student’s t-test, Figure 3A, left

panel; Supplementary Figure S3A for session-wise data) and

during the sham control (4.33 ± 0.68 vs. 6.88 ± 0.66, p = 0.01,

paired Student’s t-test, Figure 3C, left panel; Supplementary

Figure S3C for session-wise data), indicating the injured side

remained significantly more sensitive than the contralateral side.
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FIGURE 2

Effects of activation of PV+ interneuron in the BLA. (A) Behavioral outcomes in the von Frey, Hargreaves, and acetone tests after CNI. Von Frey data are

from 15 sessions from 2 female and 2 male PV-Cre mice. Hargreaves data are from 4 sessions from 2 female and 2 male PV-Cre mice. Acetone data

are from 4 sessions from 2 female and 2 male PV-Cre mice. (B) Behavioral outcomes in the von Frey, Hargreaves, and acetone tests after CNI with

activation of PV+ neurons in the BLA. Von Frey data are from 33 sessions from 2 female and 2 male PV-Cre mice. Hargreaves data are from 8 sessions

from 2 female and 2 male PV-Cre mice. Acetone data are from 8 sessions from 2 female and 2 male PV-Cre mice. (C) Behavioral outcomes in the von

Frey, Hargreaves, and acetone tests after CNI during sham control. Von Frey data are from 11 sessions from 2 female and 2 male PV-Cre mice.

Hargreaves data are from 4 sessions from 2 female and 2 male mice. Acetone data are from 4 sessions from 2 female and 2 male PV-Cre mice.

(D) Normalized differences between the injured and uninjured hindpaws during CNI baseline, excitation of PV+ neurons in the BLA, and sham

control conditions. Von Frey data are from 59 session from 2 female and 2 male PV-Cre mice. Hargreaves data are from 16 session from 2 female

and 2 male PV-Cre mice. Acetone data are from 16 session from 2 female and 2 male PV-Cre mice. Triangle symbols denote female animals

while square symbols denote male animals. Each symbol represents an individual animal. Error bars indicate 1 S.E.M.
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FIGURE 3

Effects of inhibition of PV+ interneuron in the BLA. (A) Behavioral outcomes in the von Frey, Hargreaves, and acetone tests after CNI. Von Frey data are

from 17 sessions from 3 female and 2 male PV-Cre mice. Hargreaves data are from 5 sessions from 3 female and 2 male PV-Cre mice. Acetone data

are from 5 sessions from 3 female and 2 male PV-Cre mice. (B) Behavioral outcomes in the von Frey, Hargreaves, and acetone tests after CNI with

inhibition of PV+ neurons in the BLA. Von Frey data are from 40 sessions from 3 female and 2 male PV-Cre mice. Hargreaves data are from 10 sessions

from 3 female and 2 male PV-Cre mice. Acetone data are from 10 sessions from 3 female and 2 male PV-Cre mice. (C) Behavioral outcomes in the von

Frey, Hargreaves, and acetone tests after CNI during sham control. Von Frey data are from 15 sessions from 3 female and 2 male PV-Cre mice.

Hargreaves data are from 5 sessions from 3 female and 2 male PV-Cre mice. Acetone data are from 5 sessions from 3 female and 2 male PV-Cre

mice. (D) Normalized differences between the injured and uninjured hindpaws during CNI baseline, inhibition of PV+ neurons in the BLA, and

sham control conditions. Von Frey data are from 72 sessions from 3 female and 2 male PV-Cre mice. Hargreaves data are from 20 sessions from

3 female and 2 male PV-Cre mice. Acetone data are from 20 sessions from 3 female and 2 male PV-Cre mice. Triangle symbols denote female

animals while square symbols denote male animals. Each symbol represents an individual animal. Error bars indicate 1 S.E.M.
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FIGURE 4

Effects of activation of SST+ interneuron in the BLA. (A) Behavioral outcomes in the von Frey, Hargreaves, and acetone tests after CNI. Von Frey data

are from 24 sessions from 3 female and 3 male SST-Cre mice. Hargreaves data are from 6 sessions from 3 female and 3 male SST-Cre mice. Acetone

data are from 6 sessions from 3 female and 3 male SST-Cre mice. (B) Behavioral outcomes in the von Frey, Hargreaves, and acetone tests after CNI

with activation of SST+ neurons in the BLA. Von Frey data are from 40 sessions from 3 female and 3 male SST-Cre mice. Hargreaves data are from 12

sessions from 3 female and 3 male SST-Cre mice. Acetone data are from 12 sessions from 3 female and 3 male SST-Cre mice. (C) Behavioral outcomes

in the von Frey, Hargreaves, and acetone tests after CNI during sham control. Von Frey data are from 18 sessions from 3 female and 3 male SST-Cre

mice. Hargreaves data are from 6 sessions from 3 female and 3 male SST-Cre mice. Acetone data are from 6 sessions from 3 female and 3 male SST-

Cre mice. (D) Normalized differences between the injured and uninjured hindpaws during CNI baseline, excitation of SST+ neurons in the BLA, and

sham control conditions. Von Frey data are from 82 sessions from 3 female and 3 male SST-Cre mice. Hargreaves data are from 24 sessions from 3

female and 3 male SST-Cre mice. Acetone data are from 24 sessions from 3 female and 3 male SST-Cre mice. Triangle symbols denote female animals

while square symbols denote male animals. Each symbol represents an individual animal in panels A–C. Error bars indicate 1 S.E.M.
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However, following CNO-mediated inhibition of PV+

interneurons, mechanical paw withdrawal thresholds retained a

significant difference between the injured and uninjured sides

(5.28 ± 0.43 vs. 6.75 ± 0.56 g, p = 0.03, paired Student’s t-test,

Figure 3B, left panel; Supplementary Figure S3B for session-wise

data). We next examined whether the normalized differences

between the two hindpaws differed between the PV+ inhibition

and sham control conditions. Although there was a decrease in

normalized difference following inhibition of BLA PV+ neurons

compared to sham control, the difference was not statistically

significant (p = 0.15, post-hoc Tukey-Kramer test, Figure 3D, left

panel), suggesting that the inhibition of PV+ neurons in the BLA

had little effect on mechanical hypersensitivity.

As with responses indicating mechanical paw withdrawal

threshold, although the injured hindpaw exhibited

hypersensitivity in Hargreaves test following CNI (2.52 ± 0.67 vs.

5.15 ± 0.51, p = 0.002, paired Student’s t-test, Figure 3A, middle

panel) and during sham control (3 ± 0.35 vs. 5.62 ± 0.59, p = 0.01,

paired Student’s t-test, Figure 3C, middle panel), the thermal

sensitivity of the mice was not restored to near-contralateral

latencies following inhibition of PV+ neurons in the BLA

(4.8 ± 0.54 vs. 7.3 ± 0.19, p = 0.01, paired Student’s t-test,

Figure 3B, middle panel). Following calculation of normalized

differences, we found that responses to PV+ inhibition and saline

administration did not show a statistically significant difference

(p = 0.17, repeated measures ANOVA test, Figure 3D, middle

panel), suggesting that inhibition of PV+ neurons in the BLA has

no effect on heat allodynia.

Similarly, in the acetone induced cold test, although there was a

significant difference between two hindpaws after CNI (1.12 ± 0.31

vs. 0.12 ± 0.05, p = 0.02, paired Student’s t-test, Figure 3A, right

panel), we still observed significant differences in the response

following inhibition of BLA PV+ neurons (0.76 ± 0.19 vs.

0.24 ± 0.06, p = 0.02, paired Student’s t-test, Figure 3B, right

panel). As expected, saline control results also showed significant

difference between hindpaws (1.36 ± 0.15 vs. 0.32 ± 0.08,

p = 0.003, paired Student’s t-test, Figure 3C, right panel).

Normalized difference analysis confirmed that there is no

significant difference in response between PV+ inhibition and

saline control (p = 0.12, post-hoc Tukey-Kramer test, Figure 3D,

right panel). These findings suggest that inhibition of PV+

interneuron activity is insufficient to normalize sensory

thresholds. The persistence of mechanical, thermal, and cold

hypersensitivity under PV+ inhibition underscores the specificity

of BLA PV+ neuron activation in counteracting allodynia.

Excitation of SST+ interneurons in the BLA
reduces mechanical and cold, but not heat
hypersensitivity

After characterizing the effect of manipulation of PV+ neurons

in the BLA on pain-related behavior, we next examined the role of

somatostatin (SST)-expressing neurons in the BLA in pain

perception. Activation of SST+ neurons in the BLA diminished

mechanical allodynia induced by CNI (2.2 ± 0.6 vs. 5.72 ± 0.35,

p = 2.7 × 10−4, paired Student’s t-test, Figure 4A, left panel;

Supplementary Figure S4A for session-wise data). Following

CNO-mediated activation of BLA SST+ interneurons, mice

showed a significant increase in mechanical paw-withdrawal

threshold for the injured paw, reaching values nearly equivalent

to uninjured paw responses (5.53 ± 0.58 vs. 5.93 ± 0.57, p = 0.16,

paired Student’s t-test, Figure 4B, left panel; Supplementary

Figure S4B for session-wise data). Consistent with results in PV+

manipulation experiments, sham control with saline

administration did not decrease the difference in response

between injured and uninjured paws (3.32 ± 0.6 vs. 6.84 ± 0.82,

p = 0.002, paired Student’s t-test, Figure 4C, left panel;

Supplementary Figure S4C for session-wise data).

We further calculated the normalized difference between the

injured and uninjured paws for the von Frey test. Repeated

measures ANOVA test confirmed a statistically significant

difference among the three groups (p = 6 × 10−4). Activation of

BLA SST+ interneurons significantly reduced the normalized

difference induced by CNI compared to sham treatment

(p = 0.004, post-hoc Tukey-Kramer test, Figure 4D, left panel;

Supplementary Figure S4D for session-wise data).

Activation of BLA SST+ neurons failed to improve heat

hypersensitivity as thermal withdrawal latencies differed

significantly during CNI baseline (1.97 ± 0.31 vs. 5.18 ± 0.41,

p = 3 × 10−6, paired Student’s t-test, Figure 4A, middle panel),

SST+ activation (4.82 ± 0.44 vs. 6.34 ± 0.47, p = 6.6 × 10−4, paired

Student’s t-test, Figure 4B, middle panel), and sham control

(3.24 ± 0.52 vs. 5.27 ± 0.37, p = 2.2 × 10−3, paired Student’s t-test,

Figure 4C, middle panel). There also was a non-significant

difference in the normalized differences between SST+ activation

and saline sham control (p = 0.18, post-hoc Tukey-Kramer test,

Figure 4D, middle panel). This suggests that SST+ activation

does not reduce thermal allodynia.

Unlike the manipulation of PV+ neurons in the BLA,

activation of SST+ neurons in the BLA appeared to improve

cold-induced allodynia, as indicated by a reduction in acetone-

evoked responses between uninjured and injured paws

(0.82 ± 0.16 vs. 0.5 ± 0.07, p = 0.03, paired Student’s t-test,

Figure 4B, right panel) as compared to in Saline control sessions

(1.43 ± 0.15 vs. 0.2 ± 0.07, p = 0.001, paired Student’s t-test,

Figure 4C, right panel). This was further confirmed by their

normalized differences (p = 0.04, post-hoc Tukey-Kramer test,

Figure 4D, right panel.) These results highlight that SST+

interneuron excitation not only normalizes mechanical

hypersensitivity, but also extends its analgesic effects to

cold hypersensitivity.

Inhibition of SST+ interneurons improves
mechanical and heat, but not cold,
hypersensitivity

We found that chemogenetic inhibition of SST+ neurons in the

BLA also conferred a relief from mechanical and heat

hypersensitivity. In response to CNO-mediated inhibition of SST

+ neurons, there was a significant increase in mechanical paw
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withdrawal thresholds for the injured side to uninjured levels

(5.97 ± 0.56 vs. 6.02 ± 0.27, p = 0.83, paired Student’s t-test,

Figure 5B, left panel; Supplementary Figure S5B for session-wise

data), while the significant difference between injured and

uninjured hindpaws was observed in both CNI baseline

(3.37 ± 0.29 vs. 7.32 ± 0.39, p = 1 × 10−5, paired Student’s t-test,

Figure 5A, left panel; Supplementary Figure S5A for session-wise

data) and saline control sessions (3.66 ± 0.6 vs. 6.56 ± 0.44,

p = 2.3 × 10−5, paired Student’s t-test, Figure 5C, left panel;

Supplementary Figure S5C for session-wise data). After

calculation of normalized difference, there was a significant

difference between BLA SST+ inhibition condition and saline

control (p = 3.5 × 10−4, post-hoc Tukey-Kramer test, Figure 5D,

left panel; Supplementary Figure S5D for session-wise data).

Unlike BLA SST+ activation, BLA SST+ inhibition resulted in

improved thermal hypersensitivity, with injured paw response

reaching contralateral levels (5. 89 ± 0.33 vs. 6.39 ± 0.52, p = 0.32,

paired Student’s t-test, Figure 5B, middle panel). Responses to saline

control mirrored CNI baseline response, maintaining a significant

difference between injured and uninjured hindpaws (p = 7.1 × 10−5,

paired Student’s t-test, Figure 5A, middle panel, and p = 2.4 × 10−5,

paired Student’s t-test, Figure 5C, middle panel). There was also a

significant difference between SST+ inhibition and saline

administration when comparing the normalized difference

(p = 0.026, post-hoc Tukey-Kramer test, Figure 5D, middle panel).

However, the inhibition of BLA SST+ neurons did not alter the

injured paw’s response to acetone-induced cold, as the injured paw

consistently exhibited hypersensitivity compared to the uninjured

paw across CNI baseline (1.42 ± 0.09 vs. 0.38 ± 0.07, p = 8 × 10−7,

paired Student’s t-test, Figure 5A, right panel), SST+ inhibition

(0.64 ± 0.11 vs. 0.32 ± 0.09, p = 0.02, paired Student’s t-test,

Figure 5B, right panel), and sham treatment conditions

(1.22 ± 0.12 vs. 0.33 ± 0.07, p = 6 × 10−5, paired Student’s t-test,

Figure 5C, right panel). There were also no statistically

significant differences between CNI, SST+ inhibition, and saline

administration when examining the normalized differences

(p = 0.13, repeated measures ANOVA test, Figure 5D, right panel).

Discussion

Our results demonstrate that both PV+ and SST+ interneurons

in the BLA contribute to the regulation of nociceptive processing,

but they do so in modality-specific ways. Excitation of PV+

neurons in the BLA robustly alleviated mechanical allodynia.

This is in line with the results of a previous study, where

excitation of PV+ neurons in the spinal cord in mice with nerve

injury attenuated their mechanical hypersensitivity, whereas

transiently silencing the spinal cord PV+ neurons in naive mice

resulted in mechanical allodynia (37). This improvement is likely

because, in the BLA, perisomatic inhibition by PV+ neurons

induces a strong and immediate decrease in the firing rate of

excitatory neurons (27, 28). Upon nerve injury, the reduced

expression of PV in PV+ neurons disrupted firing patterns,

thereby decreasing the overall inhibition exerted by PV+ neurons

(38). Therefore, chemogenetic excitation of PV+ neurons restored

inhibition exerted by PV+ neurons in the BLA and reinstated

mechanical sensitivity. We failed to find PV+ inhibition to

normalize hypersensitivity for mechanical, cold, or heat stimuli.

This is consistent with previous studies suggesting that inhibition

by PV+ neurons is already impaired following nerve injury (38,

39). For instance, Dang et al. (39) found a reduction in PV+

neurons in the BLA and their activation in rats 8 weeks

following a nerve injury caused by partial sciatic nerve ligation.

Our results provide new evidence suggesting that neural plasticity

involving PV+ neurons in the BLA plays an important role in

mediating pain behavior following nerve injury.

By contrast, both excitation and inhibition of SST+ neurons in

the BLA improved mechanical allodynia, suggesting a more

nuanced role for these neurons in pain processing. The

observation that both activation and inhibition of BLA SST+

interneurons produced similar pain-relieving effects in response

to mechanical stimulation raises important questions regarding

their circuit-level function. One potential explanation for this

bidirectional effect is that SST+ neurons participate in

homeostatic or compensatory mechanisms following nerve injury.

Similar feedback loops have been observed in cortical circuits,

where inhibitory plasticity adjusts to maintain network stability

after injury or pathological hyperactivity (40, 41). In the BLA, a

comparable mechanism may exist, wherein any perturbation of

SST+ neuron function—whether by increasing or decreasing their

activity—disrupts maladaptive pain circuitry and restores

nociceptive thresholds. This could be mediated by reciprocal

connections between SST+ and other inhibitory interneurons, such

as PV+ or vasoactive intestinal peptide (VIP+) neurons (20, 42).

Interestingly, excitation of SST+ neurons in the BLA improved

animals’ cold hypersensitivity but not their thermal hypersensitivity,

while inhibition of SST+ neurons in the BLA does the opposite.

This indicates that SST+ interneurons may play different roles in

circuits processing thermal and cold information. This aligns with

findings in other brain regions where SST+ interneurons can either

suppress excitatory output or disinhibit downstream targets

depending on the state of the network (43, 44). Our findings also

raise a critical question whether pain processing across different

modalities (mechanical, thermal, and cold) engages distinct neural

circuits involving the same interneuron populations within the

BLA. The fact that manipulation of BLA SST+ neurons affects pain

behavior in all three modalities, while PV+ manipulation was only

effective for mechanical and thermal hypersensitivities, suggests a

potential link between nociceptive pathways and interneuron

function. Cold hypersensitivity is often mediated by transient

receptor potential (TRP) channels, including TRPM8 and TRPA1,

which may preferentially interact with SST+-regulated circuits (45).

In contrast, mechanical and thermal pain pathways, which rely

more heavily on TRPV1 and ASIC channels, may be more tightly

coupled to PV+ interneuron function (46). Future studies employing

cell-type-specific manipulations combined with nociceptive receptor

tracing could further elucidate these relationships.

By dissecting the roles of PV+ and SST+ interneurons in the

BLA, our study provides new insights into the circuit

mechanisms underlying chronic pain. While PV+ excitation

strongly modulates mechanical and thermal pain, SST+ neurons
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FIGURE 5

Effects of inhibition of SST+ interneuron in the BLA. (A) Behavioral outcomes in the von Frey, Hargreaves, and acetone tests after CNI. Von Frey data

are from 35 sessions from 4 female and 5 male SST-Cre mice. Hargreaves data are from 9 sessions from 4 female and 5 male SST-Cre mice. Acetone

data are from 9 sessions from 4 female and 5 male SST-Cre mice. (B) Behavioral outcomes in the von Frey, Hargreaves, and acetone tests after CNI

with inhibition of SST+ neurons in the BLA. Von Frey data are from 72 sessions from 4 female and 5 male SST-Cre mice. Hargreaves data are from 19

sessions from 4 female and 5 male SST-Cre mice. Acetone data are from 18 sessions from 4 female and 5 male SST-Cre mice. (C) Behavioral

outcomes in the von Frey, Hargreaves, and acetone tests after CNI during sham control. Von Frey data are from 27 sessions from 4 female and 5

male SST-Cre mice. Hargreaves data are from 8 sessions from 3 female and 5 male SST-Cre mice. Acetone data are from 9 sessions from 4

female and 5 male SST-Cre mice. (D) Normalized differences between the injured and uninjured hindpaws during CNI baseline, inhibition of SST+

neurons in the BLA, and sham control conditions. Von Frey data are from 134 sessions from 4 female and 5 male SST-Cre mice. Hargreaves data

are from 36 sessions from 4 female and 5 male SST-Cre mice. Acetone data are from 36 sessions from 4 female and 5 male SST-Cre mice.

Triangle symbols denote female animals while square symbols denote male animals. Each symbol represents an individual animal in panels A–C.

Error bars indicate 1 S.E.M.
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exhibit a more complex, bidirectional influence on nociceptive

thresholds, particularly in cold allodynia. These findings suggest

that distinct interneuron populations engage different nociceptive

pathways and feedback loops, opening new possibilities for

precision-targeted therapies for chronic pain. Beyond local

inhibitory interneurons, our findings also implicate BLA-PFC

and BLA-PAG circuits in chronic pain modulation. Previous

studies have shown that inhibition of BLA projections to the

PFC alleviates pain in mice with nerve injury (47), reinforcing

the idea that amygdala-prefrontal pathways contribute to pain

perception. Given that PV+ and SST+ neurons regulate BLA

output, they may indirectly shape these descending pain-

modulatory circuits, either amplifying or suppressing pain

perception at a systems level (11, 12).

There are several limitations of the current study. First, we did

not confirm selective expression of DREADD receptors in the

BLA PV+ or SST+ neurons for all experimental animals, raising

the possibility of off-target effects. However, Cre-dependent

expression of transgenes via AAV delivery in PV-Cre and SST-Cre

mice has been widely validated in numerous previous studies (48,

49). The distribution of putative SST+ neurons in the BLA

observed in our study is consistent with earlier reports (Figure 1C)

(50). Moreover, in the two experimental SST-Cre mice which we

randomly selected to perform histological analysis, DREADD

receptor expression appeared to be correctly localized within the

BLA, validating our AAV delivery techniques (Figure 1C).

Importantly, the behavioral data from these two mice are

consistent with those of the remaining cohort, suggesting that

DREADD receptor expression was predominantly on-target as

intended. Another limitation of the study is the relatively small

number of animals used. Although the study included two

genotypes and two manipulation conditions, each cohort consisted

of only 4–9 mice. Future studies with larger sample sizes will be

important to validate and extend the findings reported here.

Finally, although we used each animal as its own control by

comparing data from injured and uninjured paws, unilateral

neuropathic injury may influence sensory processing on the

contralateral side. Future studies performing similar manipulations

in mice without nerve injury could provide valuable insights into

the extent to which BLA PV+ or SST+ neuron activity alone is

sufficient to drive the observed behavioral phenotypes.

Nevertheless, the results of the present study suggest several

important directions for future research. First, high-resolution viral

tracing and single-cell transcriptomics could help distinguish SST+

and PV+ subpopulations within the BLA, revealing whether distinct

interneuron subtypes preferentially regulate specific pain modalities

(24, 51). Second, targeted pharmacological strategies that enhance

SST-peptide signaling or boost PV+ interneuron function could offer

novel therapeutic avenues for chronic pain management (40, 44).

Finally, investigating how neuromodulatory inputs (e.g.,

noradrenergic, cholinergic, etc.) interact with inhibitory microcircuits

may clarify how these interneurons shape pain processing in a state-

dependent manner (52–55). Understanding how these microcircuits

involving PV+ and SST+ interneurons and their interaction with

broader pain networks will be crucial for developing effective

neuromodulation interventions for chronic pain conditions.

Data availability statement

The raw data supporting the conclusions of this article

will be made available by the authors, without

undue reservation.

Ethics statement

The animal study was approved by the Columbia University

Institutional Animal Care and Use Committee (IACUC). The

study was conducted in accordance with the local legislation and

institutional requirements.

Author contributions

AA: Writing – review & editing, Writing – original draft,

Methodology, Resources, Validation, Visualization,

Investigation, Data curation, Formal analysis. JF: Methodology,

Writing – review & editing, Validation, Investigation, Formal

analysis. CS: Resources, Investigation, Writing – review &

editing, Validation, Methodology. MS: Methodology, Writing –

review & editing, Resources. BY: Resources, Methodology,

Writing – review & editing. QW: Supervision, Project

administration, Methodology, Writing – review & editing,

Conceptualization, Writing – original draft, Funding

acquisition, Resources, Visualization.

Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. This work was in

part supported by NSF CBET 1847315 and NIH R01NS119813.

Conflict of interest

QW is the co-founder of Sharper Sense.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Apte et al. 10.3389/fpain.2025.1602036

Frontiers in Pain Research 12 frontiersin.org

https://doi.org/10.3389/fpain.2025.1602036
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fpain.2025.

1602036/full#supplementary-material

References

1. Bennett GJ, Xie YK. A peripheral mononeuropathy in rat that produces disorders
of pain sensation like those seen in man. Pain. (1988) 33:87–107. doi: 10.1016/0304-
3959(88)90209-6

2. Yu K, Niu X, He B. Neuromodulation management of chronic neuropathic pain
in the central nervous system. Adv Funct Mater. (2020) 30:1908999. doi: 10.1002/
adfm.201908999

3. Zhao W, Zhao L, Chang X, Lu X, Tu Y. Elevated dementia risk, cognitive decline,
and hippocampal atrophy in multisite chronic pain. Proc Natl Acad Sci U S A. (2023)
120:e2215192120. doi: 10.1073/pnas.2215192120

4. Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, Dworkin RH, et al.
Pharmacotherapy for neuropathic pain in adults: a systematic review and meta-
analysis. Lancet Neurol. (2015) 14:162–73. doi: 10.1016/S1474-4422(14)70251-0

5. Baron R, Binder A, Wasner G. Neuropathic pain: diagnosis, pathophysiological
mechanisms, and treatment. Lancet Neurol. (2010) 9:807–19. doi: 10.1016/S1474-
4422(10)70143-5

6. Benucci A, Saleem AB, Carandini M. Adaptation maintains population
homeostasis in primary visual cortex. Nat Neurosci. (2013) 16:724–9. doi: 10.1038/
nn.3382

7. Yang H, O’Connor DH. Cortical adaptation and tactile perception. Nat Neurosci.
(2014) 17:1434–6. doi: 10.1038/nn.3847

8. Zheng HJV, Wang Q, Stanley GB. Adaptive shaping of cortical response
selectivity in the vibrissa pathway. J Neurophysiol. (2015) 113:3850–65. doi: 10.1152/
jn.00978.2014

9. Delis I, Dmochowski JP, Sajda P, Wang Q. Correlation of neural activity with
behavioral kinematics reveals distinct sensory encoding and evidence accumulation
processes during active tactile sensing. NeuroImage. (2018) 175:12–21. doi: 10.1016/
j.neuroimage.2018.03.035

10. Rodenkirch C, Liu Y, Schriver BJ, Wang Q. Locus coeruleus activation enhances
thalamic feature selectivity via norepinephrine regulation of intrathalamic circuit
dynamics. Nat Neurosci. (2019) 22:120–33. doi: 10.1038/s41593-018-0283-1

11. Shiers S, Pradhan G, Mwirigi J, Mejia G, Ahmad A, Kroener S, et al. Neuropathic
pain creates an enduring prefrontal cortex dysfunction corrected by the type II
diabetic drug metformin but not by gabapentin. J Neurosci. (2018) 38:7337–50.
doi: 10.1523/JNEUROSCI.0713-18.2018

12. Guo F, Du Y, Qu FH, Lin SD, Chen Z, Zhang SH. Dissecting the neural circuitry
for pain modulation and chronic pain: insights from optogenetics. Neurosci Bull.
(2022) 38:440–52. doi: 10.1007/s12264-022-00835-8

13. Neugebauer V, Li W, Bird GC, Han JS. The amygdala and persistent pain.
Neuroscientist. (2004) 10:221–34. doi: 10.1177/1073858403261077

14. Thompson JM, Neugebauer V. Amygdala plasticity and pain. Pain Res Manag.
(2017) 2017:8296501. doi: 10.1155/2017/8296501

15. Neugebauer V. Amygdala physiology in pain. Handb Behav Neurosci. (2020)
26:101–13. doi: 10.1016/B978-0-12-815134-1.00004-0

16. Ji G, Neugebauer V. Hemispheric lateralization of pain processing by amygdala
neurons. J Neurophysiol. (2009) 102:2253–64. doi: 10.1152/jn.00166.2009

17. Kiritoshi T, Yakhnitsa V, Singh S, Wilson TD, Chaudhry S, Neugebauer B, et al.
Cells and circuits for amygdala neuroplasticity in the transition to chronic pain. Cell
Rep. (2024) 43:114669. doi: 10.1016/j.celrep.2024.114669

18. Caillard O, Moreno H, Schwaller B, Llano I, Celio MR, Marty A. Role of the
calcium-binding protein parvalbumin in short-term synaptic plasticity. Proc Natl
Acad Sci U S A. (2000) 97:13372–7. doi: 10.1073/pnas.230362997

19. Lovett-Barron M, Turi GF, Kaifosh P, Lee PH, Bolze F, Sun XH, et al. Regulation
of neuronal input transformations by tunable dendritic inhibition. Nat Neurosci.
(2012) 15:423–30; S421–423. doi: 10.1038/nn.3024

20. Urban-Ciecko J, Barth AL. Somatostatin-expressing neurons in cortical
networks. Nat Rev Neurosci. (2016) 17:401–9. doi: 10.1038/nrn.2016.53

21. McDonald AJ, Mascagni F. Immunohistochemical characterization of
somatostatin containing interneurons in the rat basolateral amygdala. Brain Res.
(2002) 943:237–44. doi: 10.1016/S0006-8993(02)02650-1

22. Muller JF, Mascagni F, McDonald AJ. Postsynaptic targets of somatostatin-
containing interneurons in the rat basolateral amygdala. J Comp Neurol. (2007)
500:513–29. doi: 10.1002/cne.21185

23. McDonald AJ, Zaric V. GABAergic somatostatin-immunoreactive neurons in
the amygdala project to the entorhinal cortex. Neuroscience. (2015) 290:227–42.
doi: 10.1016/j.neuroscience.2015.01.028

24. Mihaljevic B, Benavides-Piccione R, Bielza C, Larranaga P, DeFelipe J.
Classification of GABAergic interneurons by leading neuroscientists. Sci Data.
(2019) 6:221. doi: 10.1038/s41597-019-0246-8

25. Bartonjo JJ, Lundy RF. Distinct populations of amygdala somatostatin-
expressing neurons project to the nucleus of the solitary tract and parabrachial
nucleus. Chem Senses. (2020) 45:687–98. doi: 10.1093/chemse/bjaa059

26. Bartonjo JJ, Lundy RF. Target-specific projections of amygdala somatostatin-
expressing neurons to the hypothalamus and brainstem. Chem Senses. (2022) 47:
bjac009. doi: 10.1093/chemse/bjac009

27. Yau JO, Chaichim C, Power JM, McNally GP. The roles of basolateral amygdala
parvalbumin neurons in fear learning. J Neurosci. (2021) 41:9223–34. doi: 10.1523/
JNEUROSCI.2461-20.2021

28. Amaya KA, Teboul E, Weiss GL, Antonoudiou P, Maguire JL. Basolateral
amygdala parvalbumin interneurons coordinate oscillations to drive reward
behaviors. Curr Biol. (2024) 34:1561–8.e4. doi: 10.1016/j.cub.2024.02.041

29. Liu YA, Nong Y, Feng J, Li G, Sajda P, Li Y, et al. Phase synchrony between
prefrontal noradrenergic and cholinergic signals indexes inhibitory control. Nat
Commun. (2025) 16:7260. doi: 10.1038/s41467-025-62317-5

30. Aime M, Augusto E, Kouskoff V, Campelo T, Martin C, Humeau Y, et al. The
integration of Gaussian noise by long-range amygdala inputs in frontal circuit
promotes fear learning in mice. eLife. (2020) 9:e62594. doi: 10.7554/eLife.62594

31. Carrasquillo Y, Gereau RWT. Hemispheric lateralization of a molecular signal
for pain modulation in the amygdala. Mol Pain. (2008) 4:24. doi: 10.1186/1744-
8069-4-24

32. Kolber BJ, Montana MC, Carrasquillo Y, Xu J, Heinemann SF, Muglia LJ, et al.
Activation of metabotropic glutamate receptor 5 in the amygdala modulates pain-like
behavior. J Neurosci. (2010) 30:8203–13. doi: 10.1523/JNEUROSCI.1216-10.2010

33. Li Z, Yin P, Chen J, Li C, Liu J, Rambojan H, et al. Activation of the extracellular
signal-regulated kinase in the amygdale modulates fentanyl-induced hypersensitivity
in rats. J Pain. (2017) 18:188–99. doi: 10.1016/j.jpain.2016.10.013

34. Austin PJ, Wu A, Moalem-Taylor G. Chronic constriction of the sciatic nerve
and pain hypersensitivity testing in rats. J Vis Exp. (2012) (61):e3393. doi: 10.3791/3393

35. Wilson TD, Valdivia S, Khan A, Ahn HS, Adke AP, Martinez Gonzalez S, et al.
Dual and opposing functions of the central amygdala in the modulation of pain. Cell
Rep. (2019) 29:332–46.e5. doi: 10.1016/j.celrep.2019.09.011

36. Colburn RW, Lubin ML, Stone DJ Jr, Wang Y, Lawrence D, D’Andrea MR, et al.
Attenuated cold sensitivity in TRPM8 null mice. Neuron. (2007) 54:379–86. doi: 10.
1016/j.neuron.2007.04.017

37. Petitjean H, Pawlowski SA, Fraine SL, Sharif B, Hamad D, Fatima T, et al. Dorsal
horn parvalbumin neurons are gate-keepers of touch-evoked pain after nerve injury.
Cell Rep. (2015) 13:1246–57. doi: 10.1016/j.celrep.2015.09.080

38. Qiu H, Miraucourt LS, Petitjean H, Xu M, Theriault C, Davidova A, et al.
Parvalbumin gates chronic pain through the modulation of firing patterns in

Apte et al. 10.3389/fpain.2025.1602036

Frontiers in Pain Research 13 frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpain.2025.1602036/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpain.2025.1602036/full#supplementary-material
https://doi.org/10.1016/0304-3959(88)90209-6
https://doi.org/10.1016/0304-3959(88)90209-6
https://doi.org/10.1002/adfm.201908999
https://doi.org/10.1002/adfm.201908999
https://doi.org/10.1073/pnas.2215192120
https://doi.org/10.1016/S1474-4422(14)70251-0
https://doi.org/10.1016/S1474-4422(10)70143-5
https://doi.org/10.1016/S1474-4422(10)70143-5
https://doi.org/10.1038/nn.3382
https://doi.org/10.1038/nn.3382
https://doi.org/10.1038/nn.3847
https://doi.org/10.1152/jn.00978.2014
https://doi.org/10.1152/jn.00978.2014
https://doi.org/10.1016/j.neuroimage.2018.03.035
https://doi.org/10.1016/j.neuroimage.2018.03.035
https://doi.org/10.1038/s41593-018-0283-1
https://doi.org/10.1523/JNEUROSCI.0713-18.2018
https://doi.org/10.1007/s12264-022-00835-8
https://doi.org/10.1177/1073858403261077
https://doi.org/10.1155/2017/8296501
https://doi.org/10.1016/B978-0-12-815134-1.00004-0
https://doi.org/10.1152/jn.00166.2009
https://doi.org/10.1016/j.celrep.2024.114669
https://doi.org/10.1073/pnas.230362997
https://doi.org/10.1038/nn.3024
https://doi.org/10.1038/nrn.2016.53
https://doi.org/10.1016/S0006-8993(02)02650-1
https://doi.org/10.1002/cne.21185
https://doi.org/10.1016/j.neuroscience.2015.01.028
https://doi.org/10.1038/s41597-019-0246-8
https://doi.org/10.1093/chemse/bjaa059
https://doi.org/10.1093/chemse/bjac009
https://doi.org/10.1523/JNEUROSCI.2461-20.2021
https://doi.org/10.1523/JNEUROSCI.2461-20.2021
https://doi.org/10.1016/j.cub.2024.02.041
https://doi.org/10.1038/s41467-025-62317-5
https://doi.org/10.7554/eLife.62594
https://doi.org/10.1186/1744-8069-4-24
https://doi.org/10.1186/1744-8069-4-24
https://doi.org/10.1523/JNEUROSCI.1216-10.2010
https://doi.org/10.1016/j.jpain.2016.10.013
https://doi.org/10.3791/3393
https://doi.org/10.1016/j.celrep.2019.09.011
https://doi.org/10.1016/j.neuron.2007.04.017
https://doi.org/10.1016/j.neuron.2007.04.017
https://doi.org/10.1016/j.celrep.2015.09.080
https://doi.org/10.3389/fpain.2025.1602036
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


inhibitory neurons. Proc Natl Acad Sci U S A. (2024) 121:e2403777121. doi: 10.1073/
pnas.2403777121

39. Dang TN, Tien SN, Ochi R, Le Trung D, Nishio K, Kuwamura H, et al.
Enhanced anxiety-like behavior induced by chronic neuropathic pain and related
parvalbumin-positive neurons in male rats. Behav Brain Res. (2024) 459:114786.
doi: 10.1016/j.bbr.2023.114786

40. Harding EK, Salter MW. VIP cortical conductors set the tone for chronic pain.
Nat Neurosci. (2017) 20:1037–8. doi: 10.1038/nn.4609

41. Dao NC, Brockway DF, Suresh Nair M, Sicher AR, Crowley NA. Somatostatin
neurons control an alcohol binge drinking prelimbic microcircuit in mice.
Neuropsychopharmacology. (2021) 46:1906–17. doi: 10.1038/s41386-021-01050-1

42. Scheggia D, Manago F, Maltese F, Bruni S, Nigro M, Dautan D, et al.
Somatostatin interneurons in the prefrontal cortex control affective state
discrimination in mice. Nat Neurosci. (2020) 23:47–60. doi: 10.1038/s41593-019-
0551-8

43. Cichon J, Blanck TJJ, Gan WB, Yang G. Activation of cortical somatostatin
interneurons prevents the development of neuropathic pain. Nat Neurosci. (2017)
20:1122–32. doi: 10.1038/nn.4595

44. Brockway DF, Griffith KR, Aloimonos CM, Clarity TT, Moyer JB, Smith GC,
et al. Somatostatin peptide signaling dampens cortical circuits and promotes
exploratory behavior. Cell Rep. (2023) 42:112976. doi: 10.1016/j.celrep.2023.112976

45. Zhang Y, Huang X, Xin WJ, He S, Deng J, Ruan X. Somatostatin neurons from
periaqueductal gray to medulla facilitate neuropathic pain in male mice. J Pain. (2023)
24:1020–9. doi: 10.1016/j.jpain.2023.01.002

46. Corder G, Ahanonu B, Grewe BF, Wang D, Schnitzer MJ, Scherrer G. An
amygdalar neural ensemble that encodes the unpleasantness of pain. Science. (2019)
363:276–81. doi: 10.1126/science.aap8586

47. Gadotti VM, Zhang Z, Huang J, Zamponi GW. Analgesic effects of optogenetic
inhibition of basolateral amygdala inputs into the prefrontal cortex in nerve injured
female mice. Mol Brain. (2019) 12:105. doi: 10.1186/s13041-019-0529-1

48. Sun J, Yuan Y, Wu X, Liu A, Wang J, Yang S, et al. Excitatory SST neurons in the
medial paralemniscal nucleus control repetitive self-grooming and encode reward.
Neuron. (2022) 110:3356–73.e8. doi: 10.1016/j.neuron.2022.08.010

49. Qi C, Sima W, Mao H, Hu E, Ge J, Deng M, et al. Anterior cingulate cortex
parvalbumin and somatostatin interneurons shape social behavior in male mice.
Nat Commun. (2025) 16:4156. doi: 10.1038/s41467-025-59473-z

50. Krabbe S, Gründemann J, Lüthi A. Amygdala inhibitory circuits regulate associative
fear conditioning. Biol Psychiatry. (2018) 83:800–9. doi: 10.1016/j.biopsych.2017.10.006

51. Nagaeva E, Zubarev I, Bengtsson Gonzales C, Forss M, Nikouei K, de Miguel E,
et al. Heterogeneous somatostatin-expressing neuron population in mouse ventral
tegmental area. eLife. (2020) 9:e59328. doi: 10.7554/eLife.59328

52. Liu Y, Narasimhan S, Schriver BJ, Wang Q. Perceptual behavior depends
differently on pupil-linked arousal and heartbeat dynamics-linked arousal in rats
performing tactile discrimination tasks. Front Syst Neurosci. (2021) 14:614248.
doi: 10.3389/fnsys.2020.614248

53. Rodenkirch C, Carmel JB, Wang Q. Rapid effects of vagus nerve stimulation on
sensory processing through activation of neuromodulatory systems. Front Neurosci.
(2022) 16:922424. doi: 10.3389/fnins.2022.922424

54. Slater C, Liu Y, Weiss E, Yu K, Wang Q. The neuromodulatory role of the
noradrenergic and cholinergic systems and their interplay in cognitive functions: a
focused review. Brain Sci. (2022) 12:890. doi: 10.3390/brainsci12070890

55. Sun Y, Qian L, Xu L, Hunt S, Sah P. Somatostatin neurons in the central
amygdala mediate anxiety by disinhibition of the central sublenticular extended
amygdala. Mol Psychiatry. (2023) 28:4163–74. doi: 10.1038/s41380-020-00894-1

Apte et al. 10.3389/fpain.2025.1602036

Frontiers in Pain Research 14 frontiersin.org

https://doi.org/10.1073/pnas.2403777121
https://doi.org/10.1073/pnas.2403777121
https://doi.org/10.1016/j.bbr.2023.114786
https://doi.org/10.1038/nn.4609
https://doi.org/10.1038/s41386-021-01050-1
https://doi.org/10.1038/s41593-019-0551-8
https://doi.org/10.1038/s41593-019-0551-8
https://doi.org/10.1038/nn.4595
https://doi.org/10.1016/j.celrep.2023.112976
https://doi.org/10.1016/j.jpain.2023.01.002
https://doi.org/10.1126/science.aap8586
https://doi.org/10.1186/s13041-019-0529-1
https://doi.org/10.1016/j.neuron.2022.08.010
https://doi.org/10.1038/s41467-025-59473-z
https://doi.org/10.1016/j.biopsych.2017.10.006
https://doi.org/10.7554/eLife.59328
https://doi.org/10.3389/fnsys.2020.614248
https://doi.org/10.3389/fnins.2022.922424
https://doi.org/10.3390/brainsci12070890
https://doi.org/10.1038/s41380-020-00894-1
https://doi.org/10.3389/fpain.2025.1602036
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

	Bidirectional modulation of somatostatin-expressing interneurons in the basolateral amygdala reduces neuropathic pain perception in mice
	Introduction
	Methods
	Animals and surgical procedures
	Intracranial adeno-associated virus injection
	Constriction nerve injury (CNI) procedure

	Chemogenetic manipulation
	Nociceptive behavioral assays
	Von Frey tests for mechanical allodynia
	Acetone test for cold sensitivity
	Hargreaves tests for heat sensitivity

	Histology
	Data analysis
	Statistics

	Results
	Excitation of PV+ interneurons in the BLA alleviates mechanical but not thermal allodynia
	Inhibition of PV+ interneurons in the BLA had no effect on neuropathic hypersensitivity
	Excitation of SST+ interneurons in the BLA reduces mechanical and cold, but not heat hypersensitivity
	Inhibition of SST+ interneurons improves mechanical and heat, but not cold, hypersensitivity

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


