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A B S T R A C T   

Anxiety commonly co-occurs with and exacerbates pain, but the interaction between pain progression and 
anxiety, and its underlying mechanisms remain unclear. Inhibitory interneurons play a crucial role in main-
taining normal central nervous system function and are suggested to be involved in pain-induced anxiety. This 
study aimed to elucidate the time-dependent effects of neuropathic pain on the developmental anxiety-like 
behaviors and related inhibitory interneurons; parvalbumin (PV)- and cholecystokinin (CCK)-positive neurons 
in corticolimbic regions. Using an 8-week-old male Wistar rat model with partial sciatic nerve ligation (pSNL), 
anxiety-like behaviors were biweekly assessed post-surgery through open field (OF) and elevated plus maze 
(EPM) tests. From 4 weeks post-surgery, pSNL rats exhibited reduced OF center time, rearing, and initial activity, 
along with diminished EPM open-arm activities (time spent, head dips, movement, and rearing), which corre-
lated with the paw withdrawal threshold. These effects were absent at 2 weeks post-surgery. At 8 weeks post- 
surgery, specific behaviors (decreased total rearing and increased inactive time in EPM) were observed in the 
pSNL group. Immunohistochemistry revealed changes in PV- and CCK-positive neurons in specific corticolimbic 
subregions of pSNL rats at 8 weeks post-surgery. Notably, PV-positive neuron densities in the basolateral 
amygdaloid complex (BLC) and hippocampal cornu ammonis areas 1 and 2 correlated with anxiety-like 
behavioral parameters. PV-positive neurons in the BLC of pSNL rats were predominantly changed in large-cell 
subtypes and were less activated. These findings indicate that anxiety-like behaviors emerge in the late phase 
of neuropathic pain and relate to PV-positive neurons in corticolimbic regions of pSNL rats.   

1. Introduction 

Pain is not only a significant health concern for the individual but 
also a social issue due to its diverse and multifaceted effects [1]. Chronic 

pain affects 11–40% of adults worldwide and the increase in incidence 
has been estimated at 8% per year [1]. Affective pain disorders, 
including anxiety, are common, with a comorbidity rate of up to 35% 
[2]. Individuals with chronic pain were four times more likely to 
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experience anxiety than those without chronic pain [3]. This combina-
tion of nociception and behavioral disorders impedes treatment and has 
a profound effect on the quality of life [4]. Effective pain and anxiety 
management requires a comprehensive understanding of the in-
teractions within the central nervous system. Although this comorbidity 
is clinically well-established, the precise temporal indicators for the 
development of anxiety disorders in these pain phenotypes and the 
underlying mechanisms remain unknown. 

Pain processing involves distinct structures that detect and respond 
to harmful stimuli, leading to complex behaviors [5]. Since spinal 
structures mediate primitive reflexes, higher brain centers—such as the 
amygdala, hippocampus, and cortical areas including the medial pre-
frontal, insular, and somatosensory cortices—manage conscious pro-
cessing and emotional aspects of pain [6]. Signals transmitted during 
pain not only reach the somatosensory cortex for sensory interpretation 
but are also channeled to regions responsible for the emotional and af-
fective aspects, notably the amygdala, hippocampus, and medial pre-
frontal cortex [7]. This limbic system involvement is essential for the 
experiential aspects of pain [8]. In the development of chronic pain, 
meanwhile glial cells, especially microglia play a role in pain processing 
by releasing neurotransmitters and inflammatory cytokines [9], the 
balance between the excitation and inhibition of neurons is critical for 
maintaining the normal function of the central nervous system [10]. 
Therefore, the inhibitory neuronal dysfunction in that corticolimbic 
system may contribute to the development, amplification, and perpet-
uation of the emotional-affective dimensions associated with chronic 
pain. 

Parvalbumin (PV)-positive neurons are the largest subtype of 
γ-aminobutyric acid (GABA)-ergic interneurons and are distinguished by 
expression of the calcium-binding protein PV. They orchestrate the co-
ordinated rhythmic activity of primary neurons via feed-forward inhi-
bition, thus maintaining the balance between excitatory and inhibitory 
signals within the brain [11]. Accumulating evidence suggests that 
PV-positive neurons play a fundamental role in modulating brain ac-
tivity to generate appropriate behavioral responses [12], while their 
functions are dysregulated under a variety of stressful conditions [13, 
14]. PV-positive neurons have been implicated in the development of 
hyperalgesia in mice experiencing fibromyalgia pain [15]. In addition, 
multiple pathologies, including Alzheimer’s disease, schizophrenia, 
cognitive impairment, autism, melancholy, and other psychiatric dis-
orders are also associated with PV-positive neurons [16]. However, the 
role of PV-positive neurons induced by neuropathic pain and 
emotional-affective dimensions remains unclear. 

Cholecystokinin (CCK)-positive neurons in the central nervous sys-
tem include pyramidal and basket cells. While PV-positive interneurons 
are known to inhibit the activity of excitatory pyramidal cells, CCK- 
positive interneurons can modulate the activity of other inhibitory 
neurons. This intricate interplay contributes to the regulation of network 
activity and is crucial for maintaining the balance between excitation 
and inhibition in the brain [17]. CCK has been reported to mediate the 
development and maintenance of hyperalgesia associated with periph-
eral neuropathy, particularly in pain that is exacerbated by anxiety [18]. 
In our previous studies, the density of CCK-positive neurons increased in 
certain subregions of the amygdala, hippocampus, and medial frontal 
cortex in rats with type 2 diabetes exhibiting anxiety-like behaviors 
although there was no difference in the proportion of these cell subtypes 
(regarding inhibitory-excitatory cells or cell sizes) [19–21]. Therefore, 
CCK-positive neurons may be specifically altered and associated with 
anxiety-like behaviors induced by pain. 

Neuropathic pain is one of the main causes of chronic pain. However, 
modeling neuropathic pain in humans is complex because only stimuli 
that do not cause irreversible harm can be used. Therefore, animal 
models of peripheral nerve injury are needed to expand our under-
standing of the mechanisms underlying neuropathic pain-induced anx-
iety. Partial sciatic nerve ligation (pSNL), a neuropathic pain model, can 
present with pain symptoms for up to 7 months [22]. It is a 

moderate-symptom model of mechanical allodynia, heat-evoked 
hyperalgesia, and spontaneous pain that replicates some of the most 
prominent characteristics of clinical neuropathic pain [23]. Addition-
ally, sex differences significantly influence the results of pain perception 
and behavioral tests in rats, often due to hormonal fluctuations during 
the menstrual cycle and postpartum period in females [24]. Conse-
quently, to exclude the potential impact of these hormonal variations, 
this study employs the pSNL model in male rats. 

The immediate-early gene, c-Fos has been widely acknowledged as a 
reliable marker for assessing neuronal activity, making it a significant 
resource for identifying cells activated in response to various stimuli 
[25,26]. The use of acute exposure to exploratory-based approach/-
avoidance conflict tests is a methodological strategy used to identify 
specific brain areas involved in the generation of emotional reactions 
[27]. 

This study aims to investigate the time-dependent effect of neuro-
pathic pain on the development of anxiety-like behaviors and whether 
this interaction is associated with PV- and CCK-positive neurons within 
the corticolimbic regions. 

2. Methods 

2.1. Animals 

Eight-week-old male Wistar rats obtained from Japan SLC, Inc. 
(Shizuoka, Japan) were used for the experiments. We housed three rats 
per cage under a 12-hour light/dark cycle (lights on from 8:00 a.m. to 
8:00 p.m.), with controlled temperature (22–24 ◦C) and humidity 
(70–80%). Rat chow and water were provided ad libitum. This study was 
approved by the Institutional Animal Care and Use Committee of Hir-
oshima University (A20–159) and performed according to the Hir-
oshima University Regulations for Animal Experimentation. All 
experiments were conducted in accordance with the National Institutes 
of Health Guidelines for the Care and Use of Laboratory Animals. 

2.2. Neuropathic pain model and experimental design 

pSNL was applied to the neuropathic pain model according to the 
method described by Seltzer et al. [22]. Briefly, after 7–10 days of 
acclimation to determine the baseline pain threshold, all rats were given 
deep anesthesia by intraperitoneal injection of a mixture of medetomi-
dine (0.15 mg/kg), midazolam (2 mg/kg), and butorphanol (2.5 
mg/kg). The left sciatic nerve was carefully freed from the surrounding 
connective tissue near the trochanter. Approximately one-third to 
one-half of the dorsum of the nerve was tightly ligated with 6–0 braided 
silk at a site just distal to the point at which the posterior biceps sem-
itendinosus nerve branched off (pSNL rats) under a microscope. In the 
control group (sham rats), the sciatic nerve was exposed but left unaf-
fected. After surgery, the nociceptive behavior was measured weekly, 
and anxiety-like behaviors were assessed biweekly. At 2 or 8 weeks after 
surgery, immediately after completing the behavioral test, the rats were 
humanely killed, and their brains were harvested for sampling (Fig. 1A). 

2.3. Nociceptive behavior by von Frey test 

The manual von Frey test was used to assess mechanical allodynia, a 
pain-like behavior. We measured the hind-paw withdrawal threshold 
once a day for 3 days before surgery (pre) and weekly after surgery. The 
rats were placed individually in testing chambers on wire mesh plat-
forms (Ugo Basile SRL, Gemonio, Italy) and left undisturbed for 30 min 
to habituate them to the new environment. Each hind paw was tested for 
touch sensitivity by pricking filaments (Aesthesio® Precise Tactile 
Sensory Evaluator, DanMic Global, LLC, San Jose, CA, USA) perpen-
dicular to the plantar surface until the filaments buckled slightly, and 
the filaments were held in that position for 5 s. Each filament was 
applied four more times at 60-second intervals. A response was 
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considered positive if the animal exhibited nociceptive behaviors, 
including brisk paw withdrawal, licking, or shaking. Filaments were 
applied with forces of 1, 2, 4, 6, 8, 10, 15, and 26 g, the withdrawal 
thresholds of the hind paw were scored as a response using the 
“ascending stimulus” method (increasing monofilament force until 
positive response rates were >40% with the same filament) [28]. 

2.4. Anxiety-like behavior tests 

Open field (OF) and elevated plus maze (EPM) tests were performed 
to assess anxiety-like behaviors during the dark phase (8–11 p.m.), as 
previously reported, with minor modifications [19,21]. The main goal 
was to pinpoint the specific time at which pSNL rats displayed emotional 
disorders, specifically anxiety disorders. The test-retest protocol was 
implemented with a 2-week interval after surgery, with a particular 
emphasis on discerning differences between the pSNL and sham groups. 
The EPM test was conducted the day after the OF test. Rats were 
transferred to the testing room in covered cages and acclimated for at 
least 30 min before testing. The sham and pSNL rats were tested alter-
nately. All rats were given 10 min to freely explore the experimental 
fields, and their behavior was captured on video (PowerShot SX720 HS; 
Canon, Tokyo, Japan). After each test, the fields were cleaned with 70% 
ethanol to remove any odors. 

In the OF test, the apparatus was a 90-cm-diameter circular black 
plastic sheet surrounded by a wall with a height of 70 cm. They were 

divided into a central area (central circular region, 45 cm in diameter) 
and a peripheral area. Illumination in the central area was 260 lx. The 
test was initiated by placing each animal at the center of the field. 
Locomotive behavior and time spent in different areas were analyzed 
using the AnimalTracker package (http://animaltracker.elte.hu [29]) of 
ImageJ (National Institute of Health, Bethesda, MD, USA); other be-
haviors, including rearing (frequency), grooming (duration), and inac-
tivity (duration), were manually analyzed. Since the temporal 
exploration during behavioral tests can provide insights into the 
emotional states of rats [30]. It’s observed that rats typically exhibit 
high levels of activity in the initial exploration phase. However, over 
time, they tend to habituate to the environment, resulting in a decrease 
in exploratory behavior [31,32]. A low activity level in the initial stage 
could be considered an indicator of anxiety or impaired adaptability to 
novel environments. We calculated the percentage of rearing in the 
center area using the formula 100 × [number of rearings in the center 
area] / [total number of rearings] and the percentage of rearing in the 
first 5 min of the 10-minute test using the formula 100 × [number of 
rearings in the first 5 min of the test] / [total number of rearings]. 

In the EPM test, the apparatus consisted of four arms (50 cm long and 
10 cm wide) raised 60 cm above the floor. Two arms had walls (50 cm 
high; closed arms), whereas the remaining arms had no walls (open 
arms). The illumination was 315 lx at the ends of the open arms, 16 lx at 
the ends of the closed arms, and 230 lx at the intersecting area. In the 
preliminary experiments, rats exhibited less exploratory activity during 

Fig. 1. Experimental design and nociceptive behaviors. (A) Eight-week-old male Wistar rats were acclimatized to laboratory conditions 7–10 days before surgery. 
During the operation of the left hind paw, rats were randomly divided into pSNL and sham groups (the sciatic nerve was exposed but not ligated). Pain threshold was 
measured once a day for 3 days before surgery and weekly after surgery using the manual von Frey test. Open field and elevated plus maze (EPM) tests were 
performed biweekly after surgery. At 2 or 8 weeks after surgery, immediately after completing the EPM test, rats were humanely killed, and brains were harvested for 
sampling. (B) Ligation led to mechanical allodynia, the withdrawal thresholds were reduced after surgery in the ipsilateral hind paw of pSNL rats compared with that 
of corresponding paw of sham rats and the pre-surgery threshold. (C) No difference was observed in the contralateral hind-paw parameters between groups. Data are 
presented as mean ± standard error of the mean. The differences were estimated by two-way repeated-measures analysis of variance with Bonferroni post hoc test: 
* *p < 0.001 (sham vs. pSNL), ##p < 0.001 (post-surgery vs. pre-surgery). pSNL, partial sciatic nerve ligation; pre, before surgery. 
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the initial period of the test when placed facing the open arms compared 
to when facing the closed arms. To obtain a more detailed evaluation of 
rat activity during the first few minutes the rats were positioned at the 
intersection facing the closed arm to begin the test. We analyzed the 
time spent, the frequency of movement along the arms, and the fre-
quency of rearing in the separated arms. The durations of grooming and 
inactive conditions, as well as the latency to enter the open arms, were 
measured. The number of head dips over the edge was counted. 

Some criteria of activities for both OF and EPM tests are as follows: 
rearing: rising on the hind limbs (HL), being in the arm: all four paws 
entering the arm, moving along the arms: walking or running completed 
an arm’s distance, inactive condition: including immobility without 
sniffing or stretched attend posture. 

2.5. Tissue preparation 

Ninety minutes after the EPM test at 2 and 8 weeks after surgery, the 
rats were anesthetized with an overdose of sodium pentobarbital 
(100 mg/kg) and transcardially perfused with heparin saline solution 
and 4% paraformaldehyde in 0.1 M phosphate buffer (PB). The brains 
were removed, weighed, and stored in the same fixative for 24 h at 4 ◦C. 
Then, the brains were placed in 30% sucrose solution until they sank; 
they were then coronally sectioned at 30-μm thickness using a freezing 
microtome (REM-710 + Electro Freeze MC-802 C; Yamato Kohki, Sai-
tama, Japan). Six serial sets of free-floating sections were collected in 
24-well plates filled with phosphate-buffered saline (PBS) 0.01 M until 
sectioning was completed. All sets were anatomically similar to the 
others. The sections were transferred to a cryoprotectant solution 
(glycerol/ethylene glycol/PBS, 3:3:4) and stored at − 30 ◦C until 
processing. 

2.6. Immunohistochemistry 

For immunohistochemistry, we used a standard avidin–biotin pro-
cedure using a free-floating method. First, the sections were brought to 
room temperature for 30 min and then washed in PBS 0.01 M. Those 
sections were quenched endogenous peroxidases in 2% hydrogen 
peroxide (H2O2) and 20% methanol for 10 min. Following the sections 
were washed in PBS containing 0.25% Triton X-100 (PBS-T) and blocked 
with 3% normal horse serum for 30 min. After washing in PBS-T, the 
sections were incubated with one of the primary antibodies: rabbit anti- 
PV (1:10,000; Sigma, St. Louis, MO, USA), rabbit anti-CCK (1:10,000, 
Sigma) or mouse anti-c-Fos (1:1000; Abcam, Cambridge, UK) in 1% 
blocking solution at 4 ◦C. The next day, after 16 h of incubation, the 
sections were washed in PBS-T and incubated on ice for 1 h with sec-
ondary antibodies at a 1:500 dilution of biotinylated anti-rabbit (for PV 
and CCK staining) or biotinylated anti-mouse (for c-Fos staining; Vector 
Laboratories, Burlingame, CA, USA). After washing in PBS-T, the sec-
tions were incubated with an avidin–biotin–peroxidase complex (1:200; 
ABC-Elite, Vector Laboratories) for 1 h, washed in PBS, and visualized 
using 0.03% H2O2 and 0.025% diaminobenzidine (Dojindo Labora-
tories, Kumamoto, Japan). Finally, the sections were mounted on 
gelatinized glass slides, air-dried, dehydrated in ascending alcohol, 
cleared in xylene, and coverslipped using Entellan New (Merck, Darm-
stadt, Germany). 

2.7. Immunofluorescence 

For immunofluorescence analysis, free-floating sections were rinsed 
with PBS or PBS-T between each incubation step. After blocking with 3% 
normal goat serum for 30 min at room temperature, the sections were 
incubated simultaneously with rabbit anti-PV (1:5000; Sigma) and 
mouse anti-c-Fos (1:500; Abcam) in PBS-T containing 1% goat serum 
overnight at 4 ◦C. The sections were then incubated sequentially for 1 h 
at room temperature with the conjugated fluorochrome secondary an-
tibodies Alexa Fluor 488 goat anti-rabbit (1:500; Cell Signaling 

Technology, Danvers, MA, USA) and Alexa Fluor 555 goat anti-mouse 
(1:200; Cell Signaling Technology). To improve the positive signal 
contrast by reducing nonspecific background noise, an autofluorescence 
quencher (Vector Laboratories) was used to incubate the sections for 
5 min. Finally, the sections were mounted on methylated albumin 
silane-coated glass slides and coverslipped using 4′,6-diamino-2-phe-
nylindole (DAPI; Vector Laboratories) for nuclei staining. For all stain-
ing procedures, negative control sections were processed identically, 
except for the omission of each primary antibody. No reaction products 
were observed in any of the control samples. 

2.8. Measurements of cortical thicknesses and brain region area 

Images were obtained using a light microscope (BX51; Olympus, 
Tokyo, Japan) and digitized with a camera (DP70; Olympus) for 
immunohistochemical staining of the sections with an appropriate 
objective lens. The images were analyzed using ImageJ. Data were 
collected from both hemispheres and averaged. Brain region landmarks 
were identified by examining anatomically matched adjacent Nissl- 
stained sections in reference to the Paxinos and Watson rat brain atlas 
[33]. We measured the sensory cortical thickness in three sections: 
anterior to posterior (AP), 2.28, − 1.80, and − 5.20 mm from the 
bregma, based on a previous study [34]. These measurements included 
four lines on one side: the medial elevation line of the corpus callosum 
and three additional lines 1 mm lateral to the medial measurement line. 
Values from the four lines were averaged for each AP level. The 
following brain regions were used for measuring the area and analyzing 
cells: the amygdala, including the central amygdala (CeA), medial 
amygdala (MeA), and basolateral amygdaloid complex (BLC) constisting 
of lateral amygdala (LA) and basolateral amygdala (BLA) nuclei at AP 
− 2.10, − 2.28, − 2.46, and − 2.64 mm; hippocampus, including hip-
pocampal cornu ammonis (CA) areas 1, 2, and 3 and the dentate gyrus 
(DG) at AP − 2.76, − 2.94, and − 3.12 mm; the medial prefrontal cortex 
(mPFC), including the prelimbic cortex (PL), infralimbic cortex (IL), and 
anterior cingulate cortex (ACC) at AP + 3.12, + 2.94, and + 2.76 mm; 
primary somatosensory cortex (S1), including the forelimb (FL) and HL 
at AP − 0.84, − 1.12, and − 1.20 mm; and insular cortex, including 
granular insula (GI), dysgranular insula (DI), and agranular insula (AI) 
AP at − 0.12, − 0.30, and − 0.48 mm from the bregma. 

2.9. Cell analysis 

The analysis of c-Fos, PV, and CCK-positive neurons was conducted 
in rats at both 2 and 8 weeks after surgery. For c-Fos-positive neuron 
counting, brain sections were first examined using dark-field microscopy 
to determine the structures of interest, and a series of 
20 × magnification images (0.1343 mm2/image) were acquired for 
every subregion in all sections (2–5 images per subregion). C-Fos 
staining was quantified using the same acquisition settings as in ImageJ. 
After converting these images into black-and-white 256 gray-level im-
ages, a 62% background threshold (quotient between the intensity of the 
background label and the intensity of the core label) and the size of the 
object were set. Pixels within this range were converted to black, and 
those outside this range were converted to white. The threshold was 
determined to obtain clear objects representing the c-Fos-labeled nuclei. 
The Analyze Particles package in ImageJ was used to automatically 
count all cell profiles after setting the object area threshold 
(25–200 µm2) and shape (0.3–1). The neuronal density (neurons/mm2) 
was estimated. 

For CCK- and PV-positive neuron counting, larger magnified ac-
quired images were used to count neuron somatic profiles by manually 
clicking the Cell Counter (written by Kurt De Vos; https://imagej.nih. 
gov/ij/plugins/cell-counter.html) plug-in for ImageJ. Neurons with 
detectable CCK and PV immunoreactivity above the background level 
were selected as CCK- or PV-positive neurons. No signals from the ves-
sels, blood cells, or reaction precipitates were counted. 
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Since morphological differences in PV-positive neurons may corre-
spond to functional differences [35], the somata size and intensity of all 
PV-positive neurons in the regions of interest were measured using 
ImageJ software with the freehand selection method. The classification 
of PV-positive neurons into large or small cells was based on previous 
studies [36,37]. 

To identify PV-positive neurons coexpressing c-Fos, two or three 
representative fluorescently labeled sections from each region were 
examined using a confocal laser scanning microscope (STELLARIS 5; 
Leica Microsystems, Wetzlar, Germany). Confocal images (size, 
581.25 × 581.25 µm) were taken with a 20 × dry objective lens in Z- 
stacks, 1 µm thick at a resolution of 1024 × 1024 and speed of 400 Hz. 
Quantitative evaluations were performed using the LAS X Office version 
1.4.4 (Leica Microsystems), which allows the simultaneous navigation of 
a positive signal in the merged image and single-channel images at the z- 
stack level. The cell numbers of single-labeled neurons were counted in 
one channel, and the colocalized cells were counted in the merged 
channels. Only PV- or c-Fos immunofluorescence-positive neurons with 
DAPI were counted. The examination of cell densities was conducted on 
both hemispheres and the outcomes were combined into an average. 

2.10. Statistical analysis 

Data are expressed as mean ± standard error of the mean. All sta-
tistical analyses were performed using SPSS version 19.0 (IBM Japan, 
Tokyo, Japan). Shapiro–Wilk and Levene’s tests were used to assess the 
normality and homogeneity of variance, respectively. A 4 × 2 analysis 
of variance (ANOVA) with the within-subject factor testing time (2, 4, 6, 
8 weeks after surgery) and between-subject factor group (sham, pSNL) was 
performed for behavioral parameters. A 2 × 2 ANOVA with the 
between-subject factors testing time (2, 8 weeks after surgery) and group 
(sham, pSNL) was performed for the morphological parameters. Simple 
Effects Tests with Bonferroni adjustment was performed if any ANOVA 
indicated a significant in the main effect of group or interaction between 
group and time. Kolmogorov–Smirnov tests were used to assess dispar-
ities in the distribution of the PV-positive somata area between groups 
using cells as statistical units. Mann–Whitney U test was performed for 
the percentage of large PV-positive neurons and results of double 
staining. Correlations were evaluated using Spearman’s rank correlation 
coefficient. Statistical analyses were performed using IBM SPSS Statis-
tics, version 19.0 (IBM Corp., Armonk, N.Y., USA). The significance level 
was set at α = 0.05, or α = 0.017 (Bonferroni adjusted for multiple 
correlations). 

3. Results 

3.1. Nociceptive behaviors in neuropathic rats 

Plantar tests were performed to assess the effects of pSNL on me-
chanical allodynia. Following ligation surgery, the hind-paw withdrawal 
threshold significant decreased compared with preoperative threshold 
or that of sham-operated rats. The pSNL rats displayed consistently 
reduced mechanical withdrawal thresholds in the ipsilateral hind paw at 
all testing time points, indicating mechanical allodynia [F(1,10) 
= 211.51, p < 0.001] (Fig. 1B). However, no significant differences in 
these thresholds in the contralateral hind paw were observed over time 
between the groups [F(1,10) = 1.51, p = 0.245] (Fig. 1C). All animals 
had regular body weight development throughout the study period. 

3.2. Emotional behaviors in neuropathic rats 

We conducted OF and EPM tests to examine the influence of nerve 
injury or pain on anxiety-like behaviors. Spontaneous locomotor activity 
was quantified and categorized into inactive conditions, grooming ac-
tivities, and general exploration activities, both horizontally and verti-
cally. Some behaviors were evaluated in terms of their temporal aspects 

[38]. 
During the OF tests, behavior was evaluated in distinct areas, 

including the central and peripheral areas. At 4 and 6 weeks after sur-
gery, pSNL rats spent less time in the center of the field than sham rats 
with adjusted-p value = 0.049 and 0.019, respectively, following a 
significant main effect of group [F(1,10) = 11.81, p = 0.003] (Fig. 2A). 
There were no significant differences between the groups in the total 
distance traveled or the total number of rearings throughout the 
experimental period (Table 1). However, from 4 weeks after surgery, 
pSNL rats exhibited fewer rearings in the central area than sham rats 
(Fig. 2B) with a significant main effect of group [F(1,10) = 11.22, 
p = 0.007] and a significant interaction between group and time [F 
(3,30) = 5.73, p = 0.003]. Sham rats showed high levels of rearing at 
the beginning of each OF test, whereas the pSNL rats exhibited a 
decreased rearing activity in the first 5 min of the 10-minute test with a 
significant main effect of group [F(1,10) = 32.02, p < 0.001] and a 
significant interaction between group and time [F(3,30) = 3.66, 
p = 0.023]. These significant differences were observed at 4, 6, and 8 
but not at 2 weeks after surgery (Fig. 2C). Additionally, 6 weeks after 
surgery, the distance traveled in the center area by pSNL rats was lower 
than that of the corresponding parameters in sham rats with adjusted- 
p = 0.019 following a significant main effect of group [F(1,10) = 5.79, 
p = 0.036] (Table 1) The inactivity time and grooming time was com-
parable between the groups regardless of time assessment (Table 1). 

During the EPM test, behavioral parameters were assessed in 
different divisions, including the open and closed arms. At 4, 6, and 8 
weeks after surgery, the pSNL group exhibited reduced exploratory ac-
tivities in the open arms compared with the sham group (Fig. 2D, E, F, 
G). From 4 weeks after surgery, pSNL rats spent less time in the open 
arms with a significant main effect of group [F(1,10) = 43.32, 
p < 0.001] and a significant interaction between group and time [F 
(3,30) = 4.93, p = 0.007] (Fig. 2D). pSNL rats also less engaged in 
walking or running in the open arms with a main effect of group [F(1,10) 
= 15.51, p = 0.003] (adjusted-p = 0.041; < 0.001 and 0.045 for pair-
wise comparisons between groups at 4; 6 and 8 weeks after surgery, 
respectively), but there was no significant interaction between group 
and time (Fig. 2E). Meanwhile, the total movement along the arms in 
both open and closed arms was similar in the pSNL rats compared to the 
sham rats (Table 2). The percentage of rearing in the open arms and 
intersection area decreased in the pSNL group compared with the sham 
group with adjusted-p values < 0.001 at 4; 6 or 8 weeks after surgery; 
there was a significant main effect of group [F(1,10) = 87.0, p < 0.001] 
and a significant interaction between group and time [F(3,30) = 22.97, 
p < 0.001] (Fig. 2F). Moreover, the pSNL group exhibited an anxious 
condition in the open arms, as indicated by significant reduced head- 
dipping from 4 weeks after surgery with a significant main effect of 
group [F(1,10) = 28.39, p < 0.001] and a significant interaction be-
tween group and time [F(3,30) = 3.23, p = 0.03] (Fig. 2G). Although 
significant differences among the groups were observed only at 4 weeks 
after surgery (adjusted-p < 0.05), the pSNL rats showed a longer latency 
to enter the open arms at other assessed time points with a main effect of 
group [F(1,10) = 5.34, p = 0.043] (Table 2). Additionally, 8 weeks after 
surgery, the pSNL rats exhibited a decrease in the total number of 
rearings, which represents vertical exploration activity (adjusted- 
p = 0.002, following interaction between group and time [F(3,30) 
= 5.38, p = 0.004]; Fig. 2H), and a significant increase in inactive 
duration (adjusted-p < 0.001 following a main effect of group [F(1,10) 
= 24.80, p < 0.001] and interaction between group and time [F(3,30) 
= 3.86, p = 0.019]; Fig. 2I). 

These results suggest that pSNL rats exhibit anxiety-like behaviors 
from 4 weeks after surgery, but not at 2 weeks. It is noteworthy that a 
decreased vertical activity and an increased inactive behavior were 
observed in the pSNL group 8 weeks after surgery. 
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3.3. Brain weights and subregional areas 

To investigate the neuroanatomical mechanisms underlying the 
altered anxiety-like behaviors in pSNL rats, we assessed several pa-
rameters, including body and brain weight, somatosensory cortical 
thickness, and area of the corticolimbic system. When comparing 
different time points after surgery, all these parameters were signifi-
cantly higher in 8-week post-surgery rats than in 2-week post-surgery 
rats (p < 0.001). However, we did not observe any significant differ-
ences in the sizes of these brain structures between the pSNL and sham 
groups, regardless of the time after surgery (Supplemental Fig. 1). 

3.4. Density of c-Fos-, PV- and CCK-positive neurons 

To explore the mechanisms underlying the altered emotional 
behavior in pSNL rats, we measured the densities of c-Fos-, PV-, and 
CCK-positive neurons in specific corticolimbic regions related to pain 
processing, including the amygdala, hippocampus, mPFC, S1 primary 
somatosensory cortex, and insular cortex at both 2 and 8 weeks after 
surgery. 

To identify the brain regions that correlate with the anxiety pheno-
type, all animals underwent an EPM test and were humanely killed after 
90 min. c-Fos expression was also evaluated (Fig. 3). Two-way ANOVA 
[time (2) × group (2)] revealed significant simple main effect of group 
in the CeA [F(1,20) = 5.63, p = 0.028), LA [F(1,20) = 15.83, 

Fig. 2. Behavioral parameters in the open field and elevated plus maze tests. (A) Time spent in center area, (B) percentages of rearings in the center area, and (C) 
percentages of rearings in the first5 minutes of the 10-minute test in open field (OF). (D) Time spent in the open arms, (E) percentages of moving in the open arms, (F) 
percentages of rearing in the open arms and intersection area, (G) number of head dips, (H) total number of rearings, and (I) total inactivity time in the elevated plus 
maze (EPM). Data are presented as mean ± standard error of the mean. *Significant difference from the sham group: *p < 0.05, * *p < 0.001, two-way repeated- 
measures analysis of variance followed by Bonferroni post hoc test. pSNL, partial sciatic nerve ligation. 
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p = 0.001], BLA [F(1,20) = 36.09, p < 0.001], CA1 [F(1,20) = 46.49, 
p < 0.001], and CA2 [F(1,20) = 71.13, p < 0.001]. There were signifi-
cant interactions between group and time in the BLA [F(1,20) = 5.71, 
p = 0.027], CA1 [F(1,20) = 19.81, p < 0.001], and CA2 [F(1,20) 
= 29.31, p < 0.001]. Using Bonferroni post hoc test analysis for 2-week 
post-surgery animals, we found that the density of c-Fos-positive cells in 
the CeA was higher in pSNL rats than in sham rats (p < 0.001) mean-
while this parameter in the remaining examined brain regions was not 
significantly different between the groups (Fig. 3E). Eight weeks after 
surgery, c-Fos expression in the pSNL group increased significantly in the 
LA (p < 0.001), BLA (p = 0.012), and CeA (p < 0.001) subfields of the 
amygdala as well as in the CA1 (p < 0.001) and CA2 (p < 0.001) sub-
fields of the hippocampus compared with the sham group (Fig. 3E). No 
significant differences in c-Fos expression were observed in the 
remaining subregions between the sham and pSNL groups or among the 
different time points after surgery (Supplemental Fig. 3 A). 

To investigate the role of inhibitory circuits in emotion and pain 
processing, we analyzed the expression of PV-positive neurons (Fig. 4). 
Within the amygdala, PV-positive neurons were primarily found in the 
basolateral amygdaloid complex, whereas a few were observed in the 
MeA or CeA (Fig. 4A, B). Eight weeks after surgery, the densities of PV- 
positive neurons in the LA and BLA were significantly lower in pSNL rats 
than in sham rats. The analysis showed a significant main effect of group 
in LA [F(1,20) = 21.19, p < 0.001] and BLA [F(1,20) = 10.03, 
p = 0.005]. There were significant interactions between group and time 
[LA: F(1,20) = 52.99, p < 0.001; BLA: F(1,20) = 31.26, p < 0.001], and 
a significant simple main effect at 8 weeks after surgery, with an 
adjusted p-value < 0.001 in both the LA and BLA subregions. In the 
hippocampal area, increased PV expression was observed in the CA1 
(p < 0.001) and CA2 (p < 0.001) subregions of the pSNL group 
compared with the sham group at 8 weeks after surgery. There were 
significant interactions between group and time for the CA1 [F(1,20) 
= 21.09, p < 0.001] and CA2 [F(1,20) = 73.20, p < 0.001]. However, 
no significant difference in PV expression was observed between sham 
and pSNL rats in the CA3 and DG subregions, regardless of the time after 
surgery. In the S1 primary somatosensory cortex, we observed a 

significant main effect of group in the density of PV-positive neurons in 
the HL and FL subregions with F(1,20) = 39.29, p < 0.001 and F(1,20) 
= 6.69, p = 0.016, respectively. There were significant interactions 
between group and time in the FL [F(1,20) = 4.75, p = 0.041] but not in 
the HL [F(1,20) = 1.66, p = 0.212]. The Bonferroni post hoc test 
revealed that the density of PV-positive neurons in the HL of the pSNL 
group was significantly higher than that of the sham group at both 2 
(p = 0.002) and 8 weeks after surgery (p < 0.001). Similar patterns 
were observed in the FL subregion, but only at 8 weeks after surgery, 
with an adjusted p-value of 0.003. 

CCK expression was significantly higher in the density of CCK- 
positive neurons in pSNL rats than in sham rats within the LA and BLA 
subregions 8 weeks after surgery (Supplemental Fig. 2). As shown in  
Fig. 5, there were significant main effects of group in the LA [F(1,20) 
= 5.39, p = 0.031] and the BLA [F(1,20) = 13.53, p = 0.001], and a 
significant interaction between group and time in the BLA [F(1,20) 
= 10.08, p = 0.005]. We also observed significant effects of time in the 
BLA [F(1,20) = 10.08, p = 0.005], CA1 [F(1,20) = 9.46, p = 0.006], 
CA2 [F(1,20) = 29.24, p < 0.001], and FL [F(1,20) = 58.75, p < 0.001] 
subregions. CCK-positive neurons were not detected in the CeA and 
MeA. The densities of CCK-positive neurons in the other brain sub-
regions evaluated were comparable between the groups at both 2 and 8 
weeks after surgery. 

In the mPFC and insular cortex regions, no significant difference in c- 
Fos, PV, or CCK expression was found between sham and pSNL rats 
(Supplemental Fig. 3). 

3.5. Relationships between pain-like behavior, emotional behavior and 
histological alterations 

The correlation between paw withdrawal threshold and time spent in 
open arms in the EPM test aimed to assess the link between pain-like and 
anxiety-like behaviors. Spearman’s rank test showed a significant posi-
tive correlation at 4-, 6-, and 8-week post-surgery (p = 0.028, < 0.001, 
0.019). However, no relationship between pain and anxiety behaviors 
was noted at 2 weeks after surgery (p = 0.872). 

Table 1 
Behavioral parameters in the open field test.   

2w  4w  6w  8w  

Sham pSNL  Sham pSNL  Sham pSNL  Sham pSNL 

Total distance traveled (m) 21.7 
(1.9) 

30.8 
(2.7)  

20.6 
(2.3) 

22.6 
(2.7)  

20.7 
(2.4) 

17.7 
(4.4)  

14.4 
(2.7) 

17.9 
(2.8) 

Distance traveled in the center area (m) 3.6 
(0.9) 

2.9 
(0.8)  

3.6 
(1.0) 

2.2 
(0.4)  

5.1 
(0.8) 

1.8 * (0.8)  2.2 
(0.8) 

1.6 
(0.8) 

Total rearing in OF (numbers) 17.7 
(0.9) 

19.2 
(4.1)  

25.2 
(3.7) 

14.3 
(2.6)  

23.8 
(3.3) 

13.8 
(2.1)  

15.3 
(2.9) 

15.5 
(2.2) 

Grooming time in OF (s) 55 
(18) 

55 
(15)  

52 
(20) 

56 
(19)  

36 
(23) 

55 
(25)  

30 
(7) 

45 
(11) 

Inactivity time in OF (s) 110 
(34) 

89 
(37)  

78 
(19) 

130 
(27)  

125 
(35) 

148 
(33)  

132 
(37) 

143 
(37) 

Values represent the mean (standard error of means). 
*Significant difference from the sham group, p < 0.05, two-way repeated-measures ANOVA followed by Bonferroni post hoc test. 

Table 2 
Behavioral parameters in the elevated plus maze test.   

2w  4w  6w  8w  

Sham pSNL  Sham pSNL  Sham pSNL  Sham pSNL 
Total moving along the arms (numbers) 38.3 

(6.0) 
40.3 
(4.2)  

46.3 
(4.8) 

38.3 
(4.3)  

42.7 
(4.3) 

43.3 
(3.6)  

39.5 
(3.6) 

38.7 
(3.5) 

Grooming time in EPM (s) 25 
(3) 

27 
(6)  

11 
(4) 

11 
(5)  

7 
(1) 

27 * 
(6)  

8 
(3) 

23 
(9) 

Latency to enter the open arms (s) 195 
(69) 

220 
(69)  

84 
(14) 

206 * 
(14)  

47 
(16) 

87 
(16)  

33 
(8) 

53 
(38) 

Values represent the mean (standard error of means). 
*Significant difference from the sham group, p < 0.05, two-way repeated-measures ANOVA followed by Bonferroni post hoc test. 
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To explore the association between the densities of PV- or CCK- 
positive neurons and c-Fos-positive neurons, we conducted multiple 
correlation analyses (Table 3). We found a significant negative corre-
lation between the density of PV-positive neurons and that of c-Fos- 
positive neurons in the BLA, whereas a significant positive correlation 
was observed in the CA2 subregion using a Bonferroni-adjusted α level of 
0.017 (0.05/3). However, no significant correlation was observed be-
tween the density of CCK-positive neurons and that of c-Fos-positive 
neurons in these subfields. 

Since significant correlations between pain-like behaviors and 
morphological changes (densities of PV- and c-Fos-positive neurons) 
were identified in the LA, BLA, CA1, and CA2 subregions at 8- but not at 
2-week post-surgery (Supplemental Table 1). We further performed 
correlation analyses between anxiety-like behavioral parameters and 
the densities of c-Fos-, PV-, or CCK-positive neurons in all animals 8 
weeks after surgery (Table 4). We found a significant negative correla-
tion between the density of c-Fos-positive neurons and the time spent in 
the open arms during the EPM test in the LA, BLA, CA1, and CA2 sub-
regions. The density of PV-positive neurons showed a significant nega-
tive correlation with the time spent in the open arms and those in the LA 
and BLA subregions, whereas a significant positive correlation was 
observed with those in the CA1 and CA2 subregions. However, no sig-
nificant relationships were found between the density of CCK-positive 
neurons and the any behavioral parameters. 

3.6. Somata size and intensity of PV-positive neurons 

Alterations in PV-positive neurons in specific corticolimbic sub-
regions were associated with anxiety-like behaviors in pSNL rats 8 weeks 
after surgery. Given the diverse subpopulations of PV-positive neurons 
based on their morphology, including cell size and intensity, we 
measured the somata size and average intensity of all PV-positive neu-
rons (Fig. 6A) in the LA, BLA, CA1, and CA2 subregions. Kolmogor-
ov–Smirnov tests were used to assess the distributional differences in 
these parameters between the sham and pSNL groups. Although no 
significant difference in PV-positive neuron intensity was observed, we 
found a leftward shift in the distribution of PV-positive somata size in 
the LA (p < 0.001) and BLA (p < 0.001) and a rightward shift in the CA1 
(p < 0.001) of pSNL rats compared with the sham group at 8 weeks after 
surgery (Fig. 6B, C). 

Considering the decrease in the density of PV-positive neurons in the 
amygdala subregions and the increase in CA1, we hypothesized that 
these alterations mainly occurred in cells with large somata. To validate 
this hypothesis, we classified PV-positive neurons into large and small 
subtypes using a cutoff value of 120 µm2 based on previous studies [36, 
37]. Eight weeks after surgery, the percentage of large PV-positive 
neurons was significantly reduced in the LA and BLA in the pSNL 
group compared with that in the sham group, with p-values of 0.004 and 
0.015, respectively (Mann–Whitney U test; Fig. 6D). Additionally, we 
found a positive relationship between the percentage of large 

Fig. 3. . c-Fos-positive neurons. Photomicrographs illustrate c-Fos expression in the amygdala (A, B) and hippocampus (C, D) 8 weeks after surgery in rats. The 
example frames are shown at greater magnification (5 ×), scale bar = 50 µm. (E) Density of c-Fos-positive neurons. Data are presented as mean ± standard error of 
the mean. The differences were estimated by two-way analysis of variance with Bonferroni post hoc test: *p < 0.05 and * *p < 0.001 (sham vs. pSNL), #p < 0.05 
(between times after surgery). pSNL, partial sciatic nerve ligation; LA, lateral amygdala; BLA, basolateral amygdala; CeA, central amygdala; MeA, medial amygdala; 
Opt, optic tract; CA1–3, cornu ammonis areas 1–3; DG, dentate gyrus; primary somatosensory (S1) cortex; HL, hind limb; FL, forelimb. 
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PV-positive neurons in the LA and the total number of rearings in the 
EPM test and a negative relationship between the percentage of large 
PV-positive neurons in the BLA and the inactivity time in the EPM test 
(Fig. 6E, F). 

3.7. Coexpression of PV and c-Fos in the amygdala 

Eight weeks after pSNL, specific morphological alterations associ-
ated with pain-induced anxiety-like behaviors were observed in PV- 
positive neurons in the LA and BLA. To further investigate the activa-
tion characteristics of PV-positive neurons in the basolateral amygdaloid 
complex, we performed immunofluorescence co-staining with c-Fos. In 
the BLA, among the PV-positive neurons (Fig. 7C, G, J), the percentages 
of neurons coexpressing PV and c-Fos were 19.6% ± 3.7% in pSNL rats 
and 36.4% ± 6.4% in sham rats (p = 0.002, Mann–Whitney U test). 
Among the c-Fos-positive neurons (Fig. 7B, F, I), the percentages of PV 

expression were 1.9% ± 0.7% in pSNL rats and 10.3% ± 1.6% in sham 
rats (p = 0.002, Mann–Whitney U test). These PV-positive neurons 
showed varying activity levels when exposed to anxious conditions. 

4. Discussion 

Our primary findings indicate that pain induced by pSNL alters the 
emotionality of rats based on the progression of pain over time. Changes 
in the density of PV-positive neurons in the amygdala and hippocampal 
subregions are associated with anxiety-like behavior. Other altered 
characteristics of PV-positive neurons in the amygdala, including 
somata size and activated cell conditions may also be related to these 
behavior changes in pSNL rats. 

In the present study, anxiety-like behavior of late phase, which was 
linked to paw withdrawal thresholds of neuropathic pain rats, could be 
found to be correlated with the densities of PV-positive neurons in 

Fig. 4. PV-positive neurons. Photomicrographs illustrate PV expression in the amygdala (A, B), hippocampus (C, D), and S1 primary somatosensory cortex (E, F) area 
8 weeks after surgery in rats. The example frames are shown at greater magnification, scale bar = 50 µm. (G) Density of PV-positive neurons. Data are presented as 
mean ± standard error of the mean. The differences were estimated by two-way analysis of variance with Bonferroni post hoc test: *p < 0.05 and * *p < 0.001 (sham 
vs. pSNL), #p < 0.05 (between times after surgery). PV, parvalbumin; pSNL, partial sciatic nerve ligation; LA, lateral amygdala; BLA, basolateral amygdala; CeA, 
central amygdala; MeA, medial amygdala; CA1–3, cornu ammonis areas 1–3; DG, dentate gyrus; HL, hind limb; FL, forelimb; ND, not detected. 
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specific brain areas. By comparing to the sham group at the early and the 
late phase of pain, the PV-positive neuron density of pSNL rats in the HL 
subregion of the S1 primary somatosensory cortex increased at both 
time points examined, whereas it decreased in the amygdala subregions 
and increased in the hippocampal subregions at the late phase. These 
results suggested that the effect of pain on PV-positive cells varied and 
differed among distinct regions. Meanwhile, the density of PV-positive 
neurons remained unchanged with aging in numerous cortical areas of 
healthy mice [39], while prolonged stress resulted in PV alterations in 
subcortical regions [13]. The persistent and prolonged pain stimulus 
caused by sciatic nerve ligation induces significant structural and 
functional changes in the limbic–cortical circuitry [6]. Therefore, the 
observed changes in PV-positive neurons in rats are likely the result of 
persistent and severe stress induced by prolonged pain. As the S1 

primary somatosensory cortex specializes in the perception and pro-
cessing of nociceptive signals, its subregional plasticity has been re-
ported to be altered in both acute and chronic pain [10,15,40]. The 
subregions of amygdala and hippocampus are responsible for the 
reception and integration of multidimensional painful stimuli [7,41]. 
Interestingly, correlations were found between the PV-positive neuron 
densities in the amygdala and hippocampal subregions and the 
anxiety-like behavioral parameters. Such associations indicate a poten-
tial mediating role of PV expression in the anxiety-like behaviors 
exhibited by pSNL rats. In addition, chemogenetic inhibition of 
PV-positive neurons in the BLA in mice have produced anxiogenic effects 
[42] and a moderate decrease in the density of PV-positive neurons in 
the BLA has been associated with a shorter time spent in the center zone 
of the OF test in dtsz mutant hamsters [43]. Conversely, augmentation of 
PV-positive neuron density in the BLA has been linked to decreased 
anxiety-like behavior in rats housed under normal conditions [37]. 
These findings provide additional support for the hypothesis that 
PV-positive neurons in the amygdala and hippocampal subregions are 
involved in the anxiety-like behaviors induced by chronic neuropathic 
pain. 

We found that the alteration in PV-positive neurons occurred pri-
marily within large cell subtypes in rats with pain-induced anxiety-like 
behaviors. PV-positive neurons exhibit considerable heterogeneity in 
subpopulations with distinct soma characteristics. In the context of the 
basolateral amygdaloid complex, our results revealed a correlation be-
tween the reduction in large PV-positive cells and behavioral alterations 
in pSNL rats 8 weeks after surgery, including decreased rearing activity 
and increased inactive time in the EPM test. Prior investigations [36,37, 
44] have demonstrated that the smallest PV-positive neurons have 
spherical or ovoid somata, whereas the largest neurons have multipolar 
somata. PV-positive neurons have four to five aspiny dendrites with 
sparse branching, and the width and length of these dendrites are often 
proportional to the size of their cell bodies [36]. Such distinct 
morphological characteristics may correspond to functionally 

Fig. 5. Density of CCK-positive neurons. CCK, cholecystokinin; pSNL, partial sciatic nerve ligation; LA, lateral amygdala; BLA, basolateral amygdala; CeA, central 
amygdala; MeA, medial amygdala; CA1–3, cornu ammonis areas 1–3; DG, dentate gyrus; HL, hind limb; FL, forelimb; ND, not detected. Data are presented as mean 
± standard error of the mean. The differences were estimated by two-way analysis of variance with Bonferroni post hoc test: *p < 0.05 (sham vs. pSNL), #p < 0.05 
(between times after surgery). 

Table 3 
Correlation matrix of c-Fos-, PV-, and CCK-positive neuron density in subregions 
at 8 weeks after surgery.   

LA   BLA  

c-Fos (+) PV (+)   c-Fos (+) PV (+) 
PV (+) -0.60   PV (+) -0.69 *   

0.039    0.012  
CCK (+) 0.55 -0.43  CCK (+) 0.55 -0.66  

0.064 0.159   0.056 0.019  
CA1   CA2  
c-Fos (+) PV (+)   c-Fos (+) PV (+) 

PV (+) 0.66   PV (+) 0.88 *   
0.02    < 0.001  

CCK (+) -0.12 0.26  CCK (+) 0.49 0.52  
0.702 0.417   0.110 0.081 

Data represents Spearman’s rank correlation coefficient (upper) and p-value 
(lower). 
PV, parvalbumin; CCK, cholecystokinin; LA, lateral amygdala; BLA, basolateral 
amygdala; CA1, cornu ammonis area 1; CA2, cornu ammonis area 2. 
*Significant at the Bonferroni adjusted α level of 0.017 (0.05/3). 

Table 4 
Correlation table of behavior parameters and densities of c-Fos-, PV-positive neurons in subregions at 8 weeks after surgery.   

LA BLA CA1 CA2 

c-Fos (+) PV (+) c-Fos (+) PV (+) c-Fos (+) PV (+) c-Fos (+) PV (+) 

OF(B) -0.70 * 0.59 * -0.75 * * 0.65 * -0.49 -0.62 * -0.69 -0.62 *  
0.011 0.044 0.005 0.023 0.106 0.031 0.14 0.033 

EPM(A) -0.77 * * 0.67 * -0.73 * * 0.79 * * -0.71 * * -0.69 * -0.64 * -0.84 * *  
0.003 0.018 0.007 0.003 0.009 0.012 0.024 0.001 

Data represent Spearman’s rank correlation (upper) and p-value (lower). 
OF(B): Percentage of rearing in center area. 
EPM(A): Time spent in open arms. 
*; * * Significant at the α level of 0.05 and 0.01 (2-tailed). 
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segregated subpopulations, potentially reflecting differences in their 
electrophysiological properties [45]. Despite substantial variations in 
physical size over time and across a population, excitable cells manage 
to preserve their physiological properties and the electrical properties of 

cells exhibit high sensitivity to both membrane area and channel density 
[46]. Dendritic growth, concomitant with synaptic strengthening, leads 
to heightened neuronal activity [47]. Intriguingly, an increase in the 
number of small PV-positive neurons in the BLA is related to a reduction 

Fig. 6. Characteristics of PV-positive neuron somata size. (A) Representative images of PV-positive neurons in BLA (1); greater magnification was used to measure 
the soma area (2, 3, 4), scale bar = 25 µm. Yellow numbers indicate somata size and cell intensity. Distribution of PV-positive neuron somata area using kernel 
density estimation in some subregions of sham and pSNL rats at 2 weeks (B) and 8 weeks (C) after surgery. Kolmogorov–Smirnov tests were used to assess disparities 
in the distribution of the PV-positive neuron somata area between groups using cells as the statistical units. (D) Comparison of the percentage of large PV-positive 
neurons among the groups at 8 weeks after surgery (Mann–Whitney U test). (E, F) Correlation between the percentage of large PV-positive neurons and behavior 
parameters (Spearman’s rank correlation). Significant difference from sham rats: *p < 0.05, * *p < 0.001. pSNL, partial sciatic nerve ligation; PV, parvalbumin; LA, 
lateral amygdala; BLA, basolateral amygdala; CA1–2, cornu ammonis areas 1–2; a.u, arbitraty unit. 
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in anxiety-like behavior in rodents exposed to an enriched environment 
[37]. Hence, the morphological differences between large and small 
PV-positive neurons in the amygdala indicate distinct functional roles 
related to emotional phenotypes that need further studies for 
confirmation. 

In the present study, the proportion of activated PV-positive neurons 
in the amygdala of pSNL rats at 8 weeks after surgery decreased 
alongside the number of PV-positive neurons. This finding provides 
additional insights into the effect of altered PV-positive neuronal pop-
ulations on amygdala function. The BLA is predominantly composed of 
glutamatergic (91%) and GABAergic (9%) neurons [48], with approxi-
mately half of the GABAergic neurons being PV-positive neurons [49]. 
Here, we observed more intense neuronal immunoreactivity with c-Fos, 
a marker of neuronal activation, and a reduction in the number of 
neurons coexpressing PV and c-Fos in the basolateral amygdaloid com-
plex of pSNL rats with pain-induced anxiety-like behaviors. This sug-
gests that the majority of single c-Fos-positive neurons in the BLA 
correspond to activated glutamatergic neurons. In mice with pain, the 
activation of glutamatergic neurons in the BLA in response to 
anxiety-inducing environments has been reported [50]. Moreover, the 
abnormal regulation of PV-positive neurons in the anterior BLA has been 
linked to the pathogenesis of prolonged anxiety states [51]. Reduced 
PV-positive neuronal activity has been observed in the BLA of rodents 
exposed to repeated restraint [52] and acute stress [53]. Therefore, an 
imbalance in the activity of PV-positive and projection neurons is likely 
to contribute to the promotion of anxiety-like behavior in pSNL rats. 

The mechanisms underlying the alterations in PV-positive neurons in 
chronic pain are not fully understood, but some potential mechanisms 
have been proposed. A partial phenotypic shift, in which some PV- 

negative immunoreactive neurons adopt a PV-positive phenotype, 
could explain the increase in the number of PV-positive neurons. Re-
ductions in the number of PV-positive neurons have been a subject of 
debate, with potential explanations ranging from PV cell mortality to 
impaired maturation or decreased PV expression [13]. Inflammation 
and oxidative stress have been implicated in the changes observed in 
PV-positive neurons [54–56]. Rats with nerve injury often have 
increased levels of reactive oxygen species, which can contribute to the 
development and maintenance of neuropathic pain [57,58]. Addition-
ally, there is an increase in the glucocorticoid responsiveness of the 
hypothalamic–pituitary–adrenal axis in pain conditions, further sug-
gesting the involvement of stress-related mechanisms. Oxidative stress 
has been associated with alterations in hippocampal PV-positive neu-
rons in rats with anxiety [55]. In addition, the glucocorticoid hormone 
corticosterone has been shown to significantly reduce the number of 
PV-positive neurons. In the present study, we did not measure inflam-
matory biomarkers and stress-related hormones; however, widespread 
pathologies associated with chronic pain may have contributed to the 
alterations observed in PV-positive neurons in pSNL rats. 

CCK could regulate activities of several types of neurons in a cell 
type-specific manner via interactions with GABA and endocannabinoid 
systems [59]. In mice, chemogenetic activation of CCK-positive inhibi-
tory neurons globally increases anxiety-like behavior in the elevated 
plus maze test [60], whereas CCK knockdown in the BLA reduces 
anxiety-like behavior [61]. CCK injections into the cerebral ventricle 
induce anxiety through the CCK-2 receptor activation [62]. Although 
CCK-positive neurons have been previously reported to be involved in 
anxiety-like behaviors in rats with type 2 diabetes [19–21], no signifi-
cant relationship between CCK-positive neuron density and anxiety-like 

Fig. 7. Double immunofluorescence staining for c-Fos and PV in the basolateral amygdala of rats 8 weeks after surgery. DAPI labeling of cell nuclei (A and E), c-Fos- 
positive neurons (B and F), PV-positive neurons (C and G), and merged images (D and H). Arrows, cells coexpressing both PV and c-Fos; arrowheads, cells coex-
pressing PV only; scale bars = 50 µm. (I) Percentages of c-Fos-positive neurons coexpressing PV in total c-Fos-positive neurons. (J) Percentages of PV-positive neurons 
coexpressing c-Fos in total PV-positive neurons. Data are presented as mean ± standard error of the mean. Significant difference from sham rats: *p < 0.05, 
Mann–Whitney U test. DAPI, 4′,6-diamino-2-phenylindole labeling of cell nuclei; PV, parvalbumin; pSNL, partial sciatic nerve ligation. 
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behaviors was observed in pSNL rats. Discrepancies may arise from 
variations in animal strain, stress models, and age at assessment between 
studies, with OLETF and Wistar rats, different stress models, and 
20-week-old versus 17-week-old pSNL rats, respectively. 

In this study, we analyzed the number of PV-positive neurons, the 
size of their somata, and the activation status in specific corticolimbic 
regions during two distinct phases: the early phase (2 weeks after sur-
gery), prior to the onset of anxiety disorder, and the later phase (8 weeks 
after surgery), when anxiety disorder had already manifested and was 
notably intensified. More time points for morphological analysis could 
provide more conclusive evidence regarding the time course of changes 
in PV-positive neurons after surgery and their relationship with 
emerging anxiety-like behavior. Additionally, to elucidate the cellular 
mechanisms underlying anxiety-like behaviors in pSNL rats, the addi-
tional characteristics of PV-positive neurons and the direct interaction 
between PV-positive neurons and projection neurons should be exam-
ined using both anatomical and physiological approaches. 

5. Conclusions 

The present study revealed that rats with pSNL, which serve as a 
model for neuropathic pain, exhibit anxiety-like behaviors during the 
later phase of pain progression, but not during the earlier phase. These 
behavioral modifications are associated with changes in the density of 
PV-positive neurons in the LA and BLA and hippocampal CA1 and CA2 
regions. In the basolateral amygdaloid complex of pSNL rats, 8 weeks 
after surgery, the observed changes in PV-positive neurons occurred 
primarily within the large cell subtypes, and the proportion of activated 
PV-positive neurons decreased. These results shed light on the potential 
role of PV-positive neurons in pain-induced anxiety-like behaviors. 
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