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Abstract 

Background:  The adaption of brain region is fundamental to the development and maintenance of nervous system 
disorders. The prelimbic cortex (PrL) participates in the affective components of the pain sensation. However, whether 
and how the adaptation of PrL contributes to the comorbidity of neuropathic pain and depression are unknown.

Methods:  Using resting-state functional magnetic resonance imaging (rs-fMRI), genetic knockdown or overexpres‑
sion, we systematically investigated the activity of PrL region in the pathogenesis of neuropathic pain/depression 
comorbid using the combined approaches of immunohistochemistry, electrophysiology, and behavior.

Results:  The activity of PrL and the excitability of pyramidal neurons were decreased, and the osteoclastic tartrate-
resistant acid phosphatase 5 (Acp5) expression in PrL neurons was upregulated following the acquisition of spared 
nerve injury (SNI)-induced comorbidity. Genetic knockdown of Acp5 in pyramidal neurons, but not parvalbumin 
(PV) neurons or somatostatin (SST) neurons, attenuated the decrease of spike number, depression-like behavior and 
mechanical allodynia in comorbidity rats. Overexpression of Acp5 in PrL pyramidal neurons decreased the spike 
number and induced the comorbid-like behavior in naïve rats. Moreover, the expression of interleukin-6 (IL-6), phos‑
phorylated STAT3 (p-STAT3) and acetylated histone H3 (Ac-H3) were significantly increased following the acquisition 
of comorbidity in rats. Increased binding of STAT3 to the Acp5 gene promoter and the interaction between STAT3 and 
p300 enhanced acetylation of histone H3 and facilitated the transcription of Acp5 in PrL in the modeled rodents. Inhi‑
bition of IL-6/STAT3 pathway prevented the Acp5 upregulation and attenuated the comorbid-like behaviors in rats.

Conclusions:  These data suggest that the adaptation of PrL mediated by IL-6/STAT3/Acp5 pathway contributed to 
the comorbidity of neuropathic pain/depression induced by SNI.
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Background
Epidemiological investigation indicated that about 40% 
patients with neuropathic pain experience psychiatric 
disorders including anxiety and major depression [1]. 
Furthermore, the average prevalence of pain in major 
depression patient is more than 50% [2]. Accumulative 
evidences have showed that nerve injury, such as spare 
nerve injure (SNI)-induced neuropathic pain and depres-
sion, and some studies proposed that chronic pain and 
depression may be share common pathological mecha-
nisms but are independent diseases without cause inter-
action [3, 4]. The reciprocal reinforcement and influence 
between neuropathic pain and depression substantially 
escalates the dilemma on the treatment in clinical sce-
narios [5], which undoubtedly highlights the importance 
to deliberately dissect the pathogenic mechanisms of 
comorbidity in the pertinent neuropsychological settings.

Imaging evidence shows that chronic harmful stimu-
lation via changing the intrinsic activity of various brain 
areas participated in the development and maintenance 
of nervous system diseases, such as neuropathic pain 
or major depression [6, 7]. For example, compared with 
the normal control group, late-onset depression patients 
have widespread abnormalities in intrinsic brain activ-
ity [8]. Among all brain regions, the medial prefrontal 
cortex (mPFC) plays a hub role for the development of 
chronic pain and psychiatric disorders [9]. For exam-
ple, electrophysiological and fMRI (functional magnetic 
resonance imaging) studies showed the deactivation of 
mPFC neurons during the perception of pain [10, 11], 
and chronic stress exposure decreased spine density 
and dendrite complexity of mPFC neurons, which medi-
ated the occurrence of depression [12, 13]. Furthermore, 
affective and cognitive components of pain sensations are 
processed in mPFC [14]. Studies showed that the prelim-
bic cortex (PrL), as an important subregion of mPFC, is 
mainly composed of pyramidal neurons [15]. It receives 
the nociceptive information and is associated with the 
processing of emotion and working memory [16, 17]. 
However, whether long term harmful stimulation such as 
spared nerve injury (SNI) can change intrinsic activity of 
PrL and contributed to the comorbidity of neuropathic 
pain and depression are largely unknown.

Although the exact etiology of depression and neuro-
pathic pain is still unclear, relevant data from both animal 
models and clinical research suggests that the imbalance 
of proinflammatory cytokines and anti-inflammatory 
cytokines implicated in the pathophysiology of depres-
sion and neuropathic pain [18–20]. For instance, nerve 

injury significantly increased the expression of proin-
flammatory cytokine, such as IL-6 and tumor necrosis 
factor-α (TNF-α) in the nervous system [21], and intrath-
ecal injection interleukin-1β (IL-1β) leads to mechani-
cal allodynia [22]. In addition, early studies showed the 
positive correlations between the activation of immune 
system and the development of depression [23], and sub-
sequent clinical studies showed that cytokine interferon-
a (IFN-a) therapy significantly reduced the depressive 
symptoms in patients [24]. Moreover, in some cases, 
antidepressants have also been reported to reduce pro-
inflammatory cytokine profiles in depressed patients and 
attenuated the chronic pain [25, 26]. However, whether 
or how the inflammation cytokine in PrL be involved in 
the nerve injury-induced neuropathic pain and depres-
sion-like symptoms in rats are currently unclear.

Amplitude of low-frequency fluctuation (ALFF) of 
resting-state functional magnetic resonance imaging 
(fMRI) reflected the local intrinsic spontaneous activ-
ity of resting state in brain [27]. In the present study, we 
established a rat comorbidity model of neuropathic pain 
and depression-like behavior on weeks 5 following SNI, 
and observed the intrinsic spontaneous activity of PrL 
by examining the change of ALFF in this model. Further-
more, we explored the role of IL-6/STAT3/Acp5 pathway 
and dissected the mechanism underlying Acp5 upregula-
tion in PrL in the SNI-induced comorbid settings.

Methods
Animals and SNI model
Adult male Sprague–Dawley (SD) rats (6  weeks of age, 
160–200  g) were obtained from the Institute of Experi-
mental Animals of Sun Yat-Sen University, and were 
housed individually with access to food and water ad libi-
tum in a room maintained on a 12 h/12 h light/dark cycle. 
The temperature and humidity were kept at 24 ±  ℃ and 
50–60%, respectively. All experimental procedures were 
approved by the Local Animal Care Committee and 
were performed in accordance with the guidelines of the 
National Institutes of Health on animal care and the ethi-
cal guidelines. Efforts were made to minimize the suffer-
ing and the number of rats used.

Spared nerve injury (SNI) was performed as described 
by Decosterd and Woolf [28]. Under isoflurane (4%) 
anesthesia, three peripheral branches of the sciatic nerve 
of the left hind limb were exposed. The common pero-
neal and the tibial nerves were ligated and cut (2 mm sec-
tions removed), and the sural nerve was kept intact. After 
that, the surgical incision was sutured in two layers. For 
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the sham procedure, three peripheral branches of the sci-
atic nerve were exposed without any nerve damage.

Injection of adeno‑associated virus (AAV)
All recombinant adeno-associated virus was pur-
chased from BrainVTA Technology Corp., Ltd or Obio 
Technology Corp., Ltd. For virus injection, rats were 
anaesthetized with 4% isoflurane and placed on a stere-
otaxic frame [29]. The 10 μl Hamilton syringe with glass 
pipettes was mounted into a micro-infusion pump. 
Once the target injection site was reached, the injec-
tion speed was adjusted to the 25 nl/min under the con-
trol of a micro-infusion pump. The pipette was kept in 
place for an additional 10 min after injection. The loca-
tion of injections for PrL was determined by the stere-
otaxic coordinates (AP, + 3.0  mm; ML, ± 0.5  mm; DV, 
−  4.0  mm) with a minor modification according to 
different body weights [30], which was histologically 
confirmed afterward. 150  nl mixture of AAV–EF1a–
DIO–Acp5–shRNA–mCherry and AAV–CaMKIIa–Cre, 
AAV–PV–Cre or AAV–SST–Cre was injected to knock-
down the expression of Acp5 in different neurons. To 
induce the overexpression of Acp5 in pyramidal neurons, 
the AAV–EF1a–DIO–Acp5–EGFP–WPRE was injected 
into the PrL together with AAV–CaMKIIa–Cre. For the 
IL-6R knockdown in PrL pyramidal neurons, 150 nl mix-
ture of AAV–CMV–DIO–IL-6R–shRNA–mEGFP and 
AAV–CaMKIIa–Cre was injected into PrL.

Mechanical allodynia
Von Frey hairs were used to assess the 50% withdrawal 
threshold according to our previously described method 
[31]. Briefly, each animal was allowed to adaption to a 
plastic box for 3 consecutive days (15  min/day) before 
testing. Von Frey filaments with different bending forces 
were applied alternately to the midplantar surface of hind 
paw. In the absence of a paw withdrawal response to the 
initially selected hair, a stronger stimulus was presented 
afterwards; in the event of paw withdrawal, the next 
weaker stimulus was then applied. Optimal threshold 
calculation by this method requires six responses in the 
immediate vicinity of the 50% threshold.

Forced swimming test (FST)
FST, as a key feature of depression, is a test for behavioral 
despair. The protocol of rats’ FST included pre-test stage 
and the test stage. In the pre-test stage, the rats were 
taken from their home cage and placed individually in a 
glass cylinder (50 cm high, 18 cm in diameter) filled with 
water (24 ± 1 ℃) to a height of 40  cm for 15  min. Next 
day, the test stage was performed and the process was 
recorded by video for 5  min. The video recording was 
analyzed to calculated the time of immobility. Immobility 

was defined as the absence of all movement, except that 
necessary to keep the nose above water. During the 
test, the rat could not touch the tank bottom or escape. 
Increased time of immobility indicated depression-like 
behavior. Change the water after every test to avoid any 
influence on the next test. Among all behavioral tests, the 
FST was generally arranged as the last one.

Open field test (OFT)
The open-field test (OFT) was utilized to assess the 
anxiety-like exploratory and locomotor behaviors. In 
the present study, the OFT was performed as described 
previously with a minor adjustment [32]. Briefly, the 
apparatus consisted of a square 100  cm × 100  cm area 
with 40  cm high walls and was divided into the central 
area and outer area. First, the rats in the home cages 
were removed from their housing room into the test-
ing room for 60 min of acclimation prior to starting the 
test. The rats were taken from their home cage and gently 
placed into the center of the area. The process of test was 
recorded by a digital video camera in a brightly environ-
ment. For anxiety-like exploratory behavior, the testing 
time was 5 min. The traveling distance in the central area 
and that in the outer area were measured for statistics. 
For locomotor activity, the testing time was 15 min and 
the total distance was examined. The activity behaviors 
were analyzed by software (Shanghai Jiliang Software 
Technology, Co., Ltd.). The chamber was cleaned with a 
75% Ethanol at the end of every test.

Elevated plus maze (EPM)
Elevated plus maze is a widely used and effective assay for 
the assessment of depression/anxiety-like behaviors in 
rodents [33]. Elevated plus maze test was performed as 
described previously [34]. Briefly, the EPM test consists 
of four elevated arms of 50 cm long and 10 cm wide. Two 
closed arms are equipped with 40-cm-high walls and 
the other two arms are open to the surroundings (open 
arm). The apparatus is elevated 55  cm above floor. For 
testing, the rats in their home cage were transferred to 
the experimental room 30 min prior to the experiment. 
Then, a rat was placed at the intersection of the four arms 
of the EPM facing the open arm. The process of test was 
recorded by a video tracking system with a computer 
interface for 5 min. The proportion of time spent in the 
open arms or the closed arms (the time spent in the open 
or closed arms/5  min) and the number of entries into 
the open or closed arms were calculated. The maze was 
rinsed between sessions with 75% alcohol.

MRI scan and data analysis
Imaging data were collected on a 9.4T animal MRI 
scanner (Bruker Biospin GmbH, Germany) at the Fifth 



Page 4 of 16Zhao et al. Journal of Neuroinflammation          (2022) 19:144 

Affiliated Hospital of Sun Yat-Sen University, Zhuhai, 
China. The resting-state BOLD signals were collected 
in the rats with respiratory rate monitored and main-
tained at 70 times/min after inhalation anesthesia with 
isoflurane.

During imaging scan, anatomical images were first 
acquired with the following parameters: repetition time 
(TR) = 5081.564  ms, echo time (TE) = 21.59  ms, matrix 
size = 150 × 105, field of view (FOV) = 3.0 × 2.1  cm, 
slice number = 70, slice thickness = 0.4  mm, slice 
gap = 0, and resolution = 0.20 × 0.20 × 0.40  mm. For 
resting-state fMRI scans, an echo-planar image (EPI) 
sequence with the following parameters was used. 
TR = 2000  ms, TE = 10.332  ms, flip angle = 90°, matrix 
size = 100 × 70, field of view (FOV) = 3.0 × 2.1  cm, slice 
number = 45, slice thickness = 0.6 mm, slice gap = 0, and 
resolution = 0.30 × 0.30 × 0.60 mm.

The resting-state MRI data were processed using the 
SPM12 software (Statistical Parametric Mapping 12; 
http://​www.​fil.​ion.​ucl.​ac.​uk/​spm). The first 5 volumes 
of each fMRI scan were removed to ensure steady-state 
longitudinal magnetization. The remaining volumes 
were processed using the following steps: voxel magnifi-
cation, slice timing correction, realignment, origin cor-
rection and coregistration to echoplanar imaging (EPI) 
templates before resliced at a resolution of 3 × 3 × 3 mm, 
spatial smoothing using Gaussian kernel with full width 
half-maximum (FWHM) 6  mm and linear detrending. 
rsfMRI volumes with FD (Relative framewise displace-
ment) > 0.3 mm were excluded [35].

The fALFF (fractional amplitude of low-frequency fluc-
tuations) values were calculated on detrended data using 
the DPABI software (https://​rfmri.​org/​dpabi). The ratios 
of power in the 0.01–0.08 Hz frequency range was calcu-
lated by that across the full frequency range (0–0.25 Hz). 
Then the fALFF values were z-transformed prior to sta-
tistical analyses [36, 37]. The fALFF results of resting-
state fMRI were considered on the voxel-level threshold 
p < 0.05 at the whole-brain level and the cluster-extent 
threshold were 5 voxels.

Western blot
Rats brain was immediately removed and sectioned in 
cold oxygenated artificial cerebrospinal fluid after appli-
cation of sodium pentobarbital at 50  mg/kg dose (i.p.). 
The PrL tissues were punched using a 15-gauge cannula 
and homogenized in Tris containing the inhibitors of 
proteinase and phosphatase on ice. Proteins were sepa-
rated by gel electrophoresis SDS–PAGE and transferred 
to a PVDF membrane. The PVDF membrane was then 
incubated with primary antibodies against Acp5 (Abcam, 
1:1000), IL-6 (CST, 1:1000), p-STAT3 (CST, 1:1000), 
acetylated histone H3 (K9) (Abcam, 1:1000), acetylated 

histone H4 (CST, 1:1000), STAT3 (CST, 1:1000), actin 
(CST, 1:1000) or GAPDH (Abcam, 1:1000) overnight at 
4 ℃. The blots were then incubated with secondary anti-
bodies conjugated to horseradish peroxidase. The immu-
nostained bands were acquired by a computer-assisted 
chemiluminescence imaging analysis system (Tanon 
5200).

RNA extraction and quantitative polymerase chain 
reaction
Trizol was used to extract total DNA, and the reverse 
transcription was performed following the protocol of 
polymerase chain reaction (PCR) production kit (Accu-
rate Biology,  AG 11706). Table  1 shows the primers 
sequences of the investigated mRNA for PCR assay. The 
reaction cycle conditions are as follows: an initial dena-
turation at 95  °C for 3  min, followed by 40 thermal of 
10 s at 95 °C, 20 s at 58 °C, and 10 s at 72 °C. The ratio of 
mRNA expression in the PrL tissues was analyzed by the 
2−△△CT method.

Fluorescence in situ hybridization (FISH) 
and immunofluorescence
Rats were perfused through the ascending aorta with 
4% paraformaldehyde under anesthesia. The PrL tis-
sues were cut into 25 µm-thick transverse sections after 
30% DEPC–sucrose dehydration at 4 ℃ and hybridized 
at 42 ℃ for 16  h with the 5ʹ-TYE665-label Acp5 probe 
5ʹ-ACG​TAT​CCA​TCA​CCA​ATC​TCT-3ʹ (1:200, QIA-
GEN). The sections were then incubated at 4℃ overnight 
with primary antibodies against NeuN (Millipore, 1:500), 

Table 1  Specific primer sequences

Gene Primer Sequence

S100a9 (rat) Forward 5′-AGA​CAT​CAT​GGA​GGA​CCT​GGA​CAC​-3′

Reverse 5′-TGG​GTT​GTT​CTC​ATG​CAG​CTT​CTC​-3′

Ltf (rat) Forward 5′-CTG​CTT​GTC​AAC​CAG​ACC​AAC​TCC​-3′

Reverse 5′-CCG​TTC​TCG​TCA​CCA​ATA​CAC​AGG​-3′

Slpi (rat) Forward 5′-GTG​CGG​TAC​TGA​CTG​GGA​ATGC-3′

Reverse 5′-CAG​GCT​TCT​TCT​TCA​CTG​GTC​CAC​-3′

Cd244 (rat) Forward 5′-ACA​TCA​GAG​CAC​CTG​GAG​GAGAC-3′

Reverse 5′-GCA​GGA​AGA​GTG​ACA​ACA​GGA​CAG​-3′

Acp5 (rat) Forward 5′-ATG​ACG​CCA​ATG​ACA​AGA​GGT​TCC​-3′

Reverse 5′-TTG​TGC​CGA​GAC​ATT​GCC​AAGG-3′

Areg (rat) Forward 5′-TTA​CTT​TGG​CGA​ACG​GTG​TGGAG-3′

Reverse 5′-GAA​GCA​GGA​CGG​CGG​TAA​TGAT-3′

Six1 (rat) Forward 5′-CTC​CCT​CCT​CCT​CCT​CTT​TGT​CTT​C-3′

Reverse 5′-TTT​TCC​TCT​TCC​CTA​AAC​CGT​TTC​TCC-3′

β-actin (rat) Forward 5′-AGG​GAA​ATC​GTG​CGT​GAC​AT-3′

Reverse 5′-GAA​CCG​CTC​ATT​GCC​GAT​AG-3′

http://www.fil.ion.ucl.ac.uk/spm
https://rfmri.org/dpabi
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Iba1 (Abcam, 1:400), GFAP (CST, 1:400), CaMKIIa 
(Abcam, 1:200), PV (Novusbio, 1:400) or SST (ABclonal, 
1:100). After that, the sections were incubated with fluo-
rescein isothiocyanate-conjugated secondary antibody 
at 37 °C for 60 min. The stained sections were examined 
using with a Nikon confocal microscope equipped.

For IL-6R immunofluorescence, the PrL tissues were 
cut into 25  µm-thick transverse sections and incubated 
with primary antibodies against IL-6R (Santa, 1:50), 
NeuN (Millipore, 1:500), Iba1 (Abcam, 1:400) or GFAP 
(Abcam, 1:400) at 4 ℃ overnight. After that, the sections 
were incubated with Cy3 or fluorescein isothiocyanate-
conjugated secondary antibody at 37 °C for 60 min. The 
stained sections were examined using with a Nikon con-
focal microscope equipped, and images were captured 
with a Nikon DS-Qi2 camera.

Cell culture
PC-12 cells were purchased from Guangzhou Xinyuan 
Technology Co, Ltd., and were cultured in about 6 ml of 
the RPMI1640 complete medium (RPMI medium1640, 
5%FBS, the medium was purchased from Gibco) with 1% 
penicillin–streptomycin in a 25 cm2 breathable cell cul-
ture bottle (NEST, China), and subsequently placed in the 
carbon dioxide incubator containing 5% carbon dioxide 
and 95% oxygen, at a constant temperature of 37 ℃. After 
the cells recovered and returned to normal, the PC-12 
cells were incubated with 5 ng/ml recombinant rat IL-6 
protein (R&D systems). After 12  h, the cells were col-
lected for subsequent experiments.

Patch‑clamp recording in PrL slices
Slices of the rat PrL were prepared as our described 
previously [38]. Briefly, brain tissue was removed and 
incubated in oxygenated (95% O2–5% CO2) cold arti-
ficial cerebrospinal fluid (ACSF) containing (in mM): 
127 NaCl, 3.1 KCl, 1.2 MgCl2, 2.4 CaCl2, 26 NaHCO3, 
and 10 glucose, pH 7.3, osmolarity 300–310  mOsm/L. 
400 µm thick PrL slices were prepared with a vibratome 
(DTK-1000). Slices were incubated in gassed ACSF for 
at least 1 h at 32 °C. Then, an individual slice was trans-
ferred to a recording chamber and continually perfused 
with oxygenated ACSF solution at RT. PrL neurons were 
visualized using a 60× water-immersion objective on 
an upright infrared Nikon microscope (Nikon, Tokyo, 
Japan). The neurons in lamina III/IV of the PrL were 
recorded using pipettes containing an internal solution 
(135  mM  k-gluconate, 0.5  mM CaCl2, 2  mM MgCl2, 
5  mM EGTA, 5  mM HEPES, 5  mM  Mg-ATP, and 0.5% 
biocytin, pH 7.3). Action potentials (Aps) were evoked 
by current injection every 10 s with step intervals of 20 
pA from − 20 to 180 pA over a period of 400  ms. The 

relationship between firing frequency and injected cur-
rent was analyzed using Clampfit10.4 (Axon Instruments 
Inc., USA).

Chromatin immunoprecipitation assays
Commercial kit (CST) was used to perform chromatin 
immunoprecipitation (ChIP) assays. The PrL tissues or 
PC12 was collected and placed in 1% formaldehyde for 
10  min at room temperature to crosslink target protein 
with chromatin. The formaldehyde was then inactivated 
by addition of 125  mM glycine. Sonicated chromatin 
extracts containing DNA fragments were immunopre-
cipitated using antibodies against p-STAT3 or Ac-H3 
and pre-blocked protein G-sepharose beads overnight 
at 4 ℃. The next day, the chromatin–protein–antibody–
bead complexes were eluted, and the DNA was extracted. 
The precipitated DNA was resuspended in nuclease-free 
water, and qPCR was performed. Primers 5ʹ-TGG​GGT​
GTG​CCT​TCT​GGA​-3ʹ and 5ʹ-AGT​TGT​GTA​TTT​GAA​
GTC​A-3ʹ were projected to amplify a 139  bp fragment 
(−  1389/−  1250) sequence, which was localized on the 
Acp5 promoter. Finally, the ratio of ChIP/input in the PrL 
was calculated.

Co‑immunoprecipitation (Co‑IP)
Co-IP was conducted using a Co-Immunoprecipitation 
Kit (Pierce). PrL tissues were excised quickly and placed 
in lysis buffer. A Pierce Spin Column was placed in a 
microcentrifuge tube. After addition of AminoLink Plus 
Coupling Resin and affinity-purified p-STAT3 antibody 
(CST, 1:100) or P300 antibody (Abcam, 10 μg), the com-
plex was incubated on a rotator at room temperature 
for 90–120 min to ensure antibody immobilization. Tis-
sue lysates were added to the appropriate resin columns 
and incubated with gentle rocking overnight at 4 °C. The 
spin columns were then centrifuged and placed in new 
collection tubes, elution buffer was added, and the flow-
through was collected by centrifugation. The immune 
complexes in the flow-through were analyzed by west-
ern blotting using P300 antibody or p-STAT3 antibody. 
All co-IP steps were performed at 4 °C unless otherwise 
indicated.

Statistical analyses
SPSS 25.0 was used to analyze the data; the results are 
shown as the mean ± s.e.m. The data were analyzed using 
the two independent samples t test or one-way ANOVA 
followed by Dunnett’s T3 or Tukey’s post hoc test. When 
tests of normality were not satisfied, the permutation test 
was substituted. The criterion of statistical significance 
was p < 0.05. Although no power analysis was performed, 
the sample size was determined according to previ-
ous publications in behavioral and pertinent molecular 
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studies. All measurements were taken from distinct 
samples.

Results
SNI induced the comorbidity of neuropathic pain 
and depression in rats
In the present study, we performed the spared nerve 
injury (SNI) in rats, and observed the change of mechani-
cal allodynia and depression-like behavior on 5  weeks 
later (Fig.  1A). In the mechanical withdrawal thresh-
old test, the SNI rats exhibited significant mechani-
cal allodynia on week 1 and maintained to the end of 

the experiment (weeks 5) (Fig.  1B). In the depression-
like behavioral test, the SNI rats showed the increased 
immobility time in forced swimming test (FST) on 
weeks 5 compared with the sham group (Fig. 1C). Since 
the patients with depression often experiences anxiety-
like manifestation, we further explored the anxiety-like 
behavior using the open field test (OFT) and the elevated 
plus maze (EPM). In the OFT, the total travel distance of 
15 min between weeks 5 and the sham group was simi-
lar (Fig. 1D), suggest that the locomotor activity was not 
affected on weeks 5 following SNI. Importantly, the travel 
distance in central zone (Fig. 1E, right), but not in outer 

Fig. 1  SNI induced the mechanical allodynia and depression-like behaviors in rats. A Schematic timeline of the experimental procedure. B 
Paw withdrawal threshold on the ipsilateral hind paw was significantly decreased following SNI treatment in rats (n = 7 in each group, paired 
t-test, **p < 0.01 versus the sham group). C Immobility time of the FST was increased on weeks 5 after SNI (n = 7 in each group, unpaired t-test, 
****p < 0.0001 versus the sham group). D Total distance of rats was examined in OFT for 15 min following SNI (n = 6 in each group, unpaired t-test, 
p = 0.9137 versus the sham group). E Distance of central zone (left) and outer zone (right) were examined in OFT for 5 min following SNI (n = 9 or 
10 in each group, unpaired t-test, ****p < 0.0001 versus the sham group). F Representative rat trajectory map in the OFT. G Percentage of time and 
the percentage of entries in the open arms was significantly decreased in EPM on 5 weeks after SNI (n = 7 in each group, unpaired t-test, for time: 
*p = 0.0159 versus the sham group; for entries: **p = 0.0053 versus the sham group). H Percentage of time and the percentage of entries in the 
closed arms was examined in EPM following SNI (n = 7 in each group, unpaired t-test, for time: ***p = 0.0001 versus the sham group; for entries: 
*p = 0.0172 versus the sham group). I Representative trajectory map of EPM test for rats. Data are expressed as mean ± SEM
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zone (Fig. 1E, left), was significantly decreased on weeks 
5 in SNI rats. In the EPM test, compared with the sham 
group, the percentage of spent time and the percentage 
of entries in the open arms was significantly decreased 
(Fig.  1G), and the percentage of spent time and entries 
in the closed arms was increased on weeks 5 after SNI 
(Fig.  1H). These results suggested the establishment of 
neuropathic pain/depression comorbid on 5  weeks fol-
lowing SNI in rats, and raised a hypothesis that neuro-
pathic pain and depression-like behavior may share the 
similar mechanism following SNI.

Decreased activity of prelimbic cortex was involved 
in the comorbidity of neuropathic pain and depression 
in rats
Resting-state fMRI (rsfMRI) is an increasingly popular 
method of MRI that investigates synchronous (spontane-
ous) activity of brain regions in the absence of an explicit 
signal correlation-based task. In the present study, we 
assessed the adaptive changes in the brain regions of rats 
between comorbidity group and sham group, and found 
that the fALFF value of PrL brain region was signifi-
cantly decreased in comorbidity group in rats (Fig. 2A), 
indicating a reduced neural activity in PrL. As previous 
studies showed that the pyramidal neurons of prelimbic 
cortex (PrL) played an important role in mental disorder, 
we then observed the excitability of pyramidal neurons 
using whole-cell recordings. The results revealed that the 
resting membrane potential (RMP) of comorbidity rats 
become more negative than that of sham group (Fig. 2B). 
Moreover, the frequency of action potentials was signifi-
cant decreased in pyramidal neurons of PrL in rats with 
the comorbid symptoms compared with the sham group 
(Fig. 2C, D). These data indicated the decreased activity 

and excitability of pyramidal neurons in PrL in the rats 
with comorbidity of neuropathic pain/depression follow-
ing SNI.

Acp5 was significantly increased in PrL in the comorbid rats
To explore the potential molecular mechanism of neu-
ropathic pain/depression comorbidity, one RNA-seq 
profile (GSE91396) from the GEO database was ana-
lyzed to identify the changed genes of the mPFC in the 
SNI-induced depression in mice. A total of 461 genes 
were obtained with a criterion of p < 0.05 and FC ≥ 2 
(Fig. 3A). Next, we performed the Gene Ontology (GO) 
analysis and selected 6 significant terms (Fig. 3B). Stud-
ies showed that inflammatory responses was involved in 
the emotional disorder and neuropathic pain [39, 40]. 
From these six terms, we selected seven upregulated tar-
get genes including S100a9, Ltf, Slip, Cd244, Acp5, Areg 
and Six1 (Fig. 3C), which were closely related to inflam-
matory responses. PCR further identified that only the 
Acp5 mRNA expression of comorbidity rats was sig-
nificantly upregulated in PrL relative to the sham group 
(Fig.  3D). Western blot also confirmed that the level 
of Acp5 protein significantly increased in comorbidity 
group (Fig. 3E). Furthermore, the results of fluorescence 
in  situ hybridization (FISH) showed that Acp5 mRNA 
was colocalized with NeuN-positive cells, but not GFAP-
positive cells or Iba1-positive cells in PrL (Fig.  3F). The 
results suggest that comorbidity of neuropathic pain/
depression-induced by SNI significantly increased the 
Acp5 level in the PrL neurons.

Acp5 contributed to comorbidity‑related behavior 
through modulating excitability of PrL pyramidal neurons
It is well known that there primarily exist CamkIIa-
positive pyramidal neurons, Parvalbumin-positive 

Fig. 2  Activity and the excitability of pyramidal neurons in PrL on weeks 5 in the comorbidity of rats. A fALFF value in whole brain were examined 
by rs-fMRI on weeks 5 following SNI (n = 11 in each group). B Resting membrane potential of PrL pyramidal neurons was examined in naïve, sham 
and comorbidity group (n = 15 or 20 in each group, One-way ANOVA, F(2,47) = 20.93, ****p < 0.0001 versus the sham group). C Representative traces 
of action potential with injected current of 140 pA in both naïve, sham and comorbidity groups. D Action potential firing rate of pyramidal neurons 
was decreased in comorbidity rats (n = 15 or 20 in each group, Two-way ANOVA, ****p < 0.0001 versus the sham group). Data are expressed as 
mean ± SEM
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(PV-positive) neurons and Somatostatin-positive (SST-
positive) neurons in PrL. FISH was used to explicit 
whether Acp5 expression was limited to specific neu-
rons in PrL. The results showed that Acp5 was present in 
both excitatory (CaMKIIa-positive neurons) and inhibi-
tory neurons (PV- and SST-positive neurons) in PrL 
(Fig.  4A). To determine which type of neurons contrib-
utes to the comorbidity, we designed an adeno-associated 
virus (AAV) carrying Cre-dependent Acp5–shRNA, and 
injected the virus together with three different AAV–Cre 
with characteristic neuronal promoter into the bilateral 
PrL, respectively (Fig. 4B–D). An obvious decrease of the 
Acp5 level in comorbid rats following AAV–CaMKII–
Acp5–shRNA injection suggested the efficiency of the 
AAV virus (Fig. 4E). Importantly, behavioral test showed 
that specific knockdown of Acp5 in pyramidal neurons, 
but not in PV neurons or SST neurons, significantly alle-
viated depression-like behavior, including the reduced 
immobility time in FST (Fig.  4F), the increased center 
distance in OFT (Fig. 4G) and the spent time and entries 
in open arms in EPM test (Fig.  4H). Clinically, antide-
pressant drug, such as clomipramine exerted an analgesic 
effect [41], we observed the effect of Acp5 knockdown on 
mechanical allodynia. The result showed that knockdown 
Acp5 expression in pyramidal neurons, but not in PV- or 
SST-neurons, increased paw withdrawal threshold in the 
comorbidity rats (Fig.  4I). Moreover, electrophysiologi-
cal results showed that Acp5 knockdown significantly 

increased the number of action potentials in pyramidal 
neurons in the comorbidity group (Fig. 4J).

To further confirm the role of Acp5 in pyramidal neu-
rons of PrL in the comorbidity of neuropathic pain and 
depression in rats, we overexpressed the Acp5 by bilat-
eral injection of AAV–DIO–Acp5–EGFP into the PrL 
together with AAV–CaMKIIa–Cre (Fig. 5A, B). Western 
blot showed that intra-PrL injection AAV–CaMKII–
Acp5 indeed increased the Acp5 level on day 21 (Fig. 5C). 
The behavioral test showed that overexpression of Acp5 
in PrL pyramidal neurons induced multiple depression-
like behaviors in various assays including FST, OFT and 
EPM on day 21 after virus injection (Fig. 5D–F), and the 
rats displayed mechanical allodynia (Fig. 5G). Whole-cell 
recordings of pyramidal neurons showed a decrease in 
the spike number in PrL slices from Acp5-overexpressed 
rats (Fig. 5H). All above results suggest that the increased 
Acp5 inhibited the pyramidal neurons excitability and 
contributed to comorbid-like behavior of neuropathic 
pain and depression induced by SNI in rats.

IL‑6/STAT3 signal pathway contributed to the comorbidity 
of neuropathic pain and depression
IL-6/STAT3 pathway has been reported to be involved 
in chronic pain and mental disorder [42, 43], so we 
tested the role of IL-6/STAT3 pathway in the SNI-
induced comorbid-like behavior in rats. We found that 
the expressions of IL-6 and p-STAT3 were significantly 

Fig. 3  Acp5 expression in the neuropathic pain/depression comorbidity rats. A Volcano plots of the changed genes from the GEO database 
(GSE91396). B, C From 6 significant GO terms, seven target genes associated with inflammation were selected. D mRNA levels of S100a9, Ltf, Slip, 
Cd244, Acp5, Areg and Six1 were explored in PrL in comorbidity rats (n = 3 in each group, unpaired t-test, *p = 0.0342 versus the sham group). E 
Protein levels of Acp5 was measured in sham group and comorbid group (n = 3 or 6 in each group, unpaired t-test, **p = 0.0033 versus the sham 
group). F Immunofluorescence staining of Acp5 (red) colocalized with NeuN (neuron marker, green) but not with GFAP (astrocyte marker, green) or 
Iba1 (microglial marker, green) (n = 2). Data are expressed as mean ± SEM
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increased in the comorbidity group (Fig. 6A). In PC-12 
cells, incubation of IL-6 also upregulated the expres-
sions of p-STAT3 and the Acp5 (Fig.  6B). IL-6 exerts 
the biological effects by binding with its receptor IL-6R. 

The present results revealed that IL-6R was colocalized 
with the NeuN-positive cells, but not the GAFP-posi-
tive cells or Iba1-positive cells in PrL region (Fig. 6C). 
Next, we explored the role of IL-6R and p-STAT3 in 

Fig. 4  Knockdown of Acp5 in pyramidal neurons alleviated the SNI-induced comorbid-like symptoms. A Colocalization of Acp5 and CaMKIIα, 
PV and SST in PrL (40 × objective, scale bars, 20 µm, n = 2). B Schematic timeline of the experimental procedure for AAV injection and SNI. 
C Injective schematic of the AAV-Acp5-shRNA together with Cre-dependent virus of different neurons promoter. D Typical images of viral 
expression within PrL region. E Intra-PrL microinjection of AAV-Acp5-shRNA significantly decreased the Acp5 expression in the comorbidity rats 
(n = 3 in each group, unpaired t-test, *p = 0.0121 versus the scramble group). F Immobility time of the FST was decreased by Acp5 knockdown 
in CaMKII-positive neurons, but not in PV-positive neurons or SST-positive neurons (n = 6 or 7 in each group, One-way ANOVA, F(4,32) = 13.10, 
****p < 0.0001 versus the correspondence scramble group). G Distance in central zone (left) and outer zone (right) in OFT were examined following 
knockdown the Acp5 expression in different type neurons, respectively (n = 6 in each group, One-way ANOVA, left: F(4,25) = 11.65, ****p < 0.0001 
versus the correspondence scramble group; right: F(4,25) = 1.419, p = 0.2567 versus the correspondence scramble group). H Percentage of time 
and the percentage of entries in the open arms (left) and the closed arms (right) was measured in the EPM test by knockdown Acp5 expression 
in different neurons of PrL (n = 6 or 7 in each group, One-way ANOVA, left: for time, F(4,28) = 9.476, ****p < 0.0001 versus the correspondence 
scramble group; for entries, F(4,28) = 7.190, ***p = 0.0004 versus the correspondence scramble group). I Application AAV-DIO-Acp5-shRNA together 
with AAV-CaMKIIa-Cre attenuated the mechanical allodynia (n = 6 or 7 in each group, One-way ANOVA, F(4,28) = 5.901, **p = 0.0014 versus the 
correspondence scramble group). J Knockdown of Acp5 in pyramidal neurons prevented the decrease of action potential number (n = 15 or 20 in 
each group, Two-way ANOVA, ****p < 0.0001 versus the correspondence scramble group). Data are expressed as mean ± SEM
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PrL pyramidal neurons in the development of the 
comorbidity. The results showed that microinjection of 
AAV–DIO–IL-6R–shRNA–EGFP together with AAV–
CaMKIIa–Cre (Fig.  6D, E) prevented the upregulation 
of p-STAT3 and Acp5 induced by comorbidity (Fig. 6F). 
Furthermore, knockdown of IL-6R in PrL pyramidal 
neurons increased the number of spikes in comor-
bid rats (Fig. 6G), and the symptom of depression-like 
behaviors, such as the immobility time in FST (Fig. 6H), 

the center distance in OFT (Fig. 6I) and the spent time 
and entries in open arms in EPM (Fig.  6J), was also 
significantly improved following AAV–IL-6R–shRNA 
injection. These results suggested that IL-6/STAT3 sig-
nal pathway contributed to the comorbidity of neuro-
pathic pain and depression induced by SNI.

Fig. 5  Overexpression of Acp5 in PrL pyramidal neurons induced the comorbid-like behavior in naïve rats. A Injective schematic of the 
AAV-DIO-Acp5-EGFP together with AAV-CaMKIIa-Cre. B Typical images of viral expression within PrL region (Scale bar, 500 µm). C Intra-PrL injection 
of AAV-Acp5 significantly increased the Acp5 expression in naïve rats (n = 4 or 5 in each group, unpaired t-test, **p = 0.0017 versus the scramble 
group). D Overexpression of Acp5 in PrL pyramidal neurons increased the immobility time in the FST. (n = 9 or 10 in each group, unpaired t test, 
****p < 0.0001 versus the correspondence scramble group). E Distance in central zone and outer zone in open field test were examined following 
the intra-PrL injection of AAV-Acp5 (n = 10 in each group, unpaired t test, ****p < 0.0001 versus the correspondence scramble group). F Time 
spent and entries number in the open arms and the closed arms was measured in the EPM test following overexpression of Acp5 in PrL pyramidal 
neurons. (n = 9 or 10 in each group, unpaired t test, for time, **p = 0.0085 versus the correspondence scramble group; for entries, **p = 0.0086 
versus the correspondence scramble group). G Overexpression of Acp5 in PrL pyramidal neurons induced the mechanical allodynia. (n = 9 or 15 in 
each group, unpaired t-test, ***p < 0.0009 versus the correspondence scramble group). H Number of action potential in PrL pyramidal neurons was 
decreased following overexpression of Acp5 in PrL pyramidal neurons in naïve rats (n = 20 in each group, Two-way ANOVA, ****p < 0.0001 versus the 
correspondence scramble group). Data are expressed as mean ± SEM
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Fig. 6  Role of IL-6/STAT3 signal pathway in the comorbidity of neuropathic pain/depression. A Expression of IL-6, p-STAT3 and STAT3 in PrL were 
explored on weeks 5 following the SNI (n = 3 or 4, unpaired t test, **p = 0.0034, ***p = 0.0003 versus the sham group). B Incubation of IL-6 increased 
the expression of p-STAT3 and Acp5 in PC12 cells (n = 3, unpaired t test, *p = 0.0384, ****p < 0.0001 versus the vehicle group). C IL-6R expression 
was colocalized with NeuN-positive cells, but not GAFP-positive cells or Iba1-positive cells (scale bars, 20 µm, n = 2). D Injective schematic of the 
AAV-Il-6R-shRNA. E Representative images of viral expression within PrL region (scale bars, 500 µm). F Intra-PrL microinjection AAV-IL-6R-shRNA 
decreased the p-STAT3 or Acp5 upregulation induced by SNI (n = 3, One-way ANOVA, F(2,6) = 6.756, *p = 0.0291, F(2,6) = 11.03, **p = 0.0098 versus 
the correspondence scramble group.) G Knockdown of IL-6R in PrL pyramidal neurons increased the number of action potential in comorbid group 
(n = 15 or 20 in each group, Two-way ANOVA, ****p < 0.0001 versus the correspondence scramble group). H IntraPrL injection of AAV-IL-6R-shRNA 
decreased the immobility time induced by SNI in the FST (n = 8 in each group, unpaired t-test, ****p < 0.0001 versus the correspondence scramble 
group). I Distance in the central zone (left) and the outer zone (right) in OFT were examined following the intraPrL injection of AAV-IL-6R-shRNA 
(n = 7 or 8 in each group, unpaired t test, ****p < 0.0001 versus the correspondence scramble group). J Time spent and entries number in the open 
arms (left) and the closed arms (right) was measured in the EPM test following knockdown of IL-6R in PrL pyramidal neurons. (n = 8 in each group, 
unpaired t test, ***p = 0.0002, ****p < 0.0001 versus the correspondence scramble group). Data are expressed as mean ± SEM
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The activated transcription factor STAT3 regulated Acp5 
expression following the acquisition of comorbidity 
of neuropathic pain and depression
Next, we observed the role of p-STAT3 in the Acp5 
expression following the acquisition of comorbidity of 
neuropathic pain and depression. The results showed 
that intra-PrL injection of STAT3 inhibitor S3I-201 
inhibited the increase of Acp5 protein and mRNA 
induced by the acquisition of comorbidity (Fig.  7A, B). 
It is well-known that the activation of STAT3 signal-
ing induces chromatin remodeling and subsequently 
enhances the transcription of target genes. The analysis 

of the GENERADAR and JASPAR databases indicated 
that the position − 1316/− 1304 in Acp5 promoter con-
tained a potent STAT3 binding site. In PC12 cells, ChIP 
results revealed that IL-6 incubation increased the bind-
ing of p-STAT3 with the Acp5 promoter (Fig. 7C). More-
over, in vivo study showed that the binding of p-STAT3 
to the Acp5 promoter in the PrL was significantly 
enhanced in the comorbidity group (Fig. 7D). To dissect 
the mechanisms that STAT3 regulates the transcrip-
tion from the Acp5 promoter, immunoprecipitation (IP) 
was performed. The results revealed that the interaction 
between p-STAT3 and P300 was markedly increased in 

Fig. 7  Activated STAT3 by binding p300 increased the level of acetylated histone H3 on the Acp5 promoter. A, B Intra-Prl injection of S3I-201 
prevented the increases of Acp5 proteins and mRNA induced by the acquisition of comorbid following SNI (n = 3 or 5, unpaired t test, for protein, 
*p = 0.0134, for mRNA, *p = 0.0124, versus the correspondence vehicle group). C Chromatin immunoprecipitation assay was performed with 
p-STAT3 antibody following incubation of IL-6 in PC12 cells (n = 3 in each group, unpaired t test, **p = 0.002 versus the vehicle group). D Chromatin 
immunoprecipitation assay was performed with p-STAT3 antibody in comorbidity rats (n = 3 in each group, unpaired t test, *p = 0.0119 versus the 
sham group). E The interaction between p-STAT3 and P300 was increased following the acquisition of comorbidity after SNI in rats (n = 4 in each 
group, unpaired t test, for p-STAT3, *p = 0.0225, for P300, *p = 0.0279, versus the sham group). F The histone acetylation of H3 K9, but not the global 
histone acetylation of H4, was upregulated on weeks 5 following SNI (n = 4 in each group, unpaired t test, **p = 0.0025 versus the sham group). G 
Chromatin immunoprecipitation was performed using Ac-H3 antibody on weeks 5 after SNI (n = 3 in each group, unpaired t test, ****p < 0.0001 
versus the sham group). H IntraPrL injection of S3I-201 reversed the increased histone acetylation of H3 induced by SNI (n = 4 in each group, 
unpaired t test, *p = 0.0459 versus the vehicle group). Data are expressed as mean ± SEM
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the comorbidity group (Fig. 7E). As P300 plays a critical 
role in histone acetylation, we further examined whether 
the histone acetylation levels of the Acp5 promoter 
region was changed in the comorbidity group. Western 
blotting results first showed that the total acetylation of 
H3 (K9) was significantly increased, whereas the levels 
of acetylated H4 was not changed (Fig. 7F). Next, DNA 
fragments, extracted from the immunoprecipitation by 
acetylated H3 antibody, were subjected to PCR to amplify 
a sequence within the Acp5 promoter region containing 
the p-STAT3-binding site. The results revealed that the 
H3 acetylation levels was increased on the Acp5 pro-
moter in the comorbidity group (Fig.  7G). Importantly, 
the comorbidity-induced acetylated H3 upregulation was 
decreased by S3I-201 treatment following the acquisi-
tion of comorbid in rats (Fig. 7H). These results indicated 
that STAT3-mediated histone H3 acetylation upregula-
tion at the Acp5 gene promoter contributed to the Acp5 
increase in comorbid in rats.

Discussion
In the present study, we found that rats showed the 
comorbidity of mechanical allodynia and depression-
like behavior on weeks 5 following SNI, and the results 
of fMRI and electrophysiology indicated that the activity 
of PrL pyramidal neurons were significantly decreased in 
the comorbid rats. Furthermore, the Acp5 upregulation 
in pyramidal neurons, but not PV neurons or SST neu-
rons, mediated the SNI-induced comorbidity symptoms. 
In mechanism, the activation of IL-6/STAT3 signal path-
way, via binding to the promoter region of Acp5, induced 
the hyperacetylation of histone H3 in promoter region 
and promoted the expression of Acp5 in PrL pyramidal 
neurons in the comorbidity rats following SNI. These 
results suggested that the Acp5 upregulation mediated by 
the IL-6/STAT3 pathway, via modulating the activity of 
PrL pyramidal neurons, contributed to the formation of 
neuropathic pain/depression comorbid induced by SNI 
in rats.

Numbers studies had proved that mPFC is composed 
of three brain region: ACC, PrL and IL, and is involved 
in pain perception, motivational drive, substance seeking 
and anxiodepressive states [44, 45]. However, whether 
PrL participated in the neuropathic pain/depression 
comorbid behavior in rats is largely unclear. Here, we 
first found that animals exhibited chronic mechanical 
allodynia and the depression-like behavior including the 
increased immobility time in FST, the decreased center 
distance in OFT, the decrease of the spent time and the 
entries in the open arms in EPM on weeks 5 after SNI, 
suggested a successful establishment of SNI-induced 
comorbid symptoms in rats. Moreover, using resting-
state fMRI, we found that the fALFF value of PrL was 

decreased on weeks 5 after SNI relative to the sham 
group. Evidence showed that the ALFF value during rest-
ing state is considered to be physiologically meaning-
ful and reflected the temporal change in neural activity 
in brain regions [8]. For example, The increase of ALFF 
indicates the enhanced activity of brain neurons [46]. 
Our data first suggested that long term nerve injury via 
reduced the neural activity change the PrL adaptation, 
which may be associated with the comorbid behavior in 
rats. It is supported by the notion that adaptive changes 
in brain contributed to the psychiatric mental disor-
der [47]. Furthermore, the present electrophysiologi-
cal result also showed that the excitability of pyramidal 
neurons in PrL was significantly decreased on weeks 
5 after SNI, which are in line with the study that physi-
cal restraint stress (PRS) induces the reduction in excit-
ability of pyramidal neurons in PrL in parallel with the 
development of depression-like behaviors [48]. The 
decreased activity of PrL pyramidal neurons may result 
from the suppression of spontaneous activity by con-
tinuous nociceptive input [49] or reduced responses to 
excitatory glutamatergic inputs in pyramidal neurons of 
PrL [50]. Taken together, the present study showed for 
the first time that the adaptation of PrL was modulated in 
the SNI-induced neuropathic pain/depression comorbid 
symptoms in rats.

Next, we explored the molecular mechanism underly-
ing the decreased excitability of PrL pyramidal neurons. 
Utilizing bioinformatics analysis and other molecular 
assays, we found that the Acp5 expression in PrL neurons 
was significantly increased in the SNI-induced comor-
bid rats. Genetic knockdown of PrL Acp5 in pyramidal 
neurons, but not PV neurons or SST neurons, inhibited 
the decreased excitability of pyramidal neuron and ame-
liorated comorbid-like behavior induced by SNI in rats. 
Besides, overexpression of Acp5 in pyramidal neurons 
reduced the number of action potential and induced 
the mechanical allodynia and depression-like behavior 
in naïve rats. These results indicated that the upregula-
tion of Acp5 in pyramidal neurons via regulating the 
excitability of PrL pyramidal neurons contributed to the 
neuropathic pain/depression-like symptoms in SNI rats. 
Studies showed that Acp5, originally as a marker of oste-
oclasts [51], was also distributed in immune system and 
nervous system [52, 53]. However, the function of Acp5 
in the nervous system has not been reported. Some stud-
ies believed that neuropathic pain and depression share 
some common pathogenetic mechanisms. Therefore, it 
is hypothesis that the upregulated Acp5 may be a com-
mon molecular, via modulated the activity of immune 
system and nervous system, to contributed to the neuro-
pathic pain and depression-like behavior induced by SNI. 
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The present study is the first report that Acp5 may be 
involved in the sensory and emotional disorders.

Accumulative evidence indicated that inflammatory 
responses participated in the neuropathic pain and 
depression. For example, spinal nerve injury elevates 
the proinflammatory cytokine IL-1β in the central 
nervous system including the brainstem, thalamus/
striatum and prefrontal cortex [54], and the increases 
of proinflammatory cytokine such as TNF-α or IL-1β 
in peripheral or brain are sufficient to produce neu-
ropathic pain or depression [55]. The present study 
found that the IL-6 expression in PrL was significantly 
increased on weeks 5 after SNI, and the knockdown of 
IL-6R in pyramidal neuron of PrL relieved the depres-
sion-like behavior induced by nerve injury. These data 
indicated that the IL-6 upregulation in the PrL pyrami-
dal neurons contributed to the SNI-induced comorbid-
like behavior in rats. Moreover, in  vivo and in  vitro 
results further showed that the IL-6 receptor mediated 
the transcriptional factor STAT3 activation on weeks 
5 after SNI. STAT3 is an important transcription fac-
tor, which regulates the expression of many molecular 
through binding to the special site of genes [31, 56]. 
This study revealed that the enhancement of p-STAT3 
binding to the Acp5 promoter in PrL, via interaction 
with P300, induced hyperacetylation of histone H3 and 
facilitated the transcription of Acp5 in PrL pyramidal 
neurons. Furthermore, Inhibition of IL-6/STAT3 path-
way prevented the Acp5 upregulation through inhib-
ited the p-STAT3-mediated H3 hyperacetylation.

Conclusions
Taken together, the IL6/STAT3/Acp5 pathway modu-
lated the excitability of PrL pyramidal neurons to change 
the adaption of PrL region, which critically involved in 
the development of comorbidity of neuropathic pain/
depression. Clinically, the intertwining action between 
chronic pain and depression substantially perplexes the 
treatment of neuropsychiatric disorders. Our findings 
may provide a novel direction from the perspective of 
comorbidity and identify the potential molecular target 
for the practical treatment of chronic pain and depres-
sion in patients.

Abbreviations
PrL: Prelimbic cortex; mPFC: Medial prefrontal cortex; fMRI: Functional 
magnetic resonance imaging; SNI: Spared nerve injury; SD: Sprague–Dawley; 
AAV: Adeno-associated virus; FST: Forced swimming test; OFT: Open field test; 
EPM: Elevated plus maze; TR: Repetition time; TE: Echo time; EPI: Echo-planar 
image; FOV: Field of view; FWHM: Full width half-maximum; fALFF: Fractional 
amplitude of low-frequency fluctuations; ACSF: Artificial cerebrospinal fluid; 
rsfMRI: Resting-state fMRI; RMP: Resting membrane potential.

Acknowledgements
Not applicable.

Author contributions
XWJ, ZXQ and WJY designed the experiment and wrote the manuscript. 
ZYT and DJ performed most of the experiments. LHM partly completed the 
electrophysiological experiment. FHT generated the SNI model. HJY and CTF 
measured the behaviors of pain and depression. SWM and JTY collected the 
fMRI data. LM and XT fed the rats and performed the statistical analysis. All 
authors read and approved the final manuscript.

Funding
This study was funded by National Natural Science Foundation of China 
(Grant No. 31970936, 81901127, 81801103), Science and Technology Program 
of Guangdong (Grant No. 2018B030334001), Natural Science Foundation 
of Guangdong (2019A1515010645, 2019A1515010871, 2022A1515010414), 
the Excellent Young Researcher Program of the 5th Affiliated Hospital of 
SYSU (WYYXQN-2021004), Guangzhou Science and Technology Plan Project 
(202206060004) and by grants from the Department of Science and Technol‑
ogy of Guangdong Province (2018B030322006).

Availability of data and materials
The data sets used during the current study are available from the corre‑
sponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The experiments involving rats were approved by the Institute of Experimen‑
tal Animals of Sun Yat-sen University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interests.

Author details
1 Neuroscience Program, Zhongshan School of Medicine, The Fifth Affili‑
ated Hospital, Sun Yat-Sen University, Zhongshan Rd. 2, Guangzhou, China. 
2 Zhongshan Medical School and Guangdong Province Key Laboratory of Brain 
Function and Disease, Sun Yat-Sen University, 510080 Guangzhou, China. 
3 Department of Interventional Medicine, Guangdong Provincial Engineering 
Research Center of Molecular Imaging, Guangdong Provincial Key Laboratory 
of Biomedical Imaging, Sun Yat-Sen University, Guangzhou, China. 4 Guang‑
zhou First People’s Hospital, Guangzhou, China. 5 Department of Applied 
Psychology, The Affiliated Brain Hospital of Guangzhou Medical University, Xin‑
zao Road, Panyu District, Guangzhou, China. 6 China Center for Brain Science 
and Brain‑Inspired Intelligence, Guangdong-Hong Kong-Macao Greater Bay 
Area, Guangzhou, China. 

Received: 15 October 2021   Accepted: 1 June 2022

References
	1.	 Radat F, Margot-Duclot A, Attal N. Psychiatric co-morbidities in patients 

with chronic peripheral neuropathic pain: a multicentre cohort study. 
Eur J Pain. 2013;17:1547–57.

	2.	 Maletic V, Raison CL. Neurobiology of depression, fibromyalgia and 
neuropathic pain. Front Biosci (Landmark Ed). 2009;14:5291–338.

	3.	 Aguera-Ortiz L, Failde I, Mico JA, Cervilla J, Lopez-Ibor JJ. Pain as a 
symptom of depression: prevalence and clinical correlates in patients 
attending psychiatric clinics. J Affect Disord. 2011;130:106–12.

	4.	 Lee P, Zhang M, Hong JP, Chua HC, Chen KP, Tang SW, Chan BT, Lee 
MS, Lee B, Gallagher GL, Dossenbach M. Frequency of painful physical 
symptoms with major depressive disorder in Asia: relationship with 
disease severity and quality of life. J Clin Psychiatry. 2009;70:83–91.



Page 15 of 16Zhao et al. Journal of Neuroinflammation          (2022) 19:144 	

	5.	 Li J, Li Y, Zhang B, Shen X, Zhao H. Why depression and pain often 
coexist and mutually reinforce: role of the lateral habenula. Exp Neurol. 
2016;284:106–13.

	6.	 MacQueen GM. Magnetic resonance imaging and prediction of out‑
come in patients with major depressive disorder. J Psychiatry Neurosci. 
2009;34:343–9.

	7.	 Inami C, Tanihira H, Kikuta S, Ogasawara O, Sobue K, Kume K, Osanai 
M, Ohsawa M. Visualization of brain activity in a neuropathic pain 
model using quantitative activity-dependent manganese magnetic 
resonance imaging. Front Neural Circuits. 2019;13:74.

	8.	 Yue Y, Jia X, Hou Z, Zang Y, Yuan Y. Frequency-dependent amplitude 
alterations of resting-state spontaneous fluctuations in late-onset depres‑
sion. Biomed Res Int. 2015;2015: 505479.

	9.	 Kummer KK, Mitric M, Kalpachidou T, Kress M. The medial prefrontal 
cortex as a central hub for mental comorbidities associated with chronic 
pain. Int J Mol Sci. 2020; 21.

	10.	 Condes-Lara M, Omana Zapata I, Leon-Olea M, Sanchez-Alvarez M. Dorsal 
raphe and nociceptive stimulations evoke convergent responses on the 
thalamic centralis lateralis and medial prefrontal cortex neurons. Brain 
Res. 1989;499:145–52.

	11.	 Seminowicz DA, Moayedi M. The dorsolateral prefrontal cortex in acute 
and chronic pain. J Pain. 2017;18:1027–35.

	12.	 Moda-Sava RN, Murdock MH, Parekh PK, Fetcho RN, Huang BS, Huynh TN, 
Witztum J, Shaver DC, Rosenthal DL, Alway EJ, et al. Sustained rescue of 
prefrontal circuit dysfunction by antidepressant-induced spine formation. 
Science. 2019; 364.

	13.	 Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, Li XY, Aghajanian G, 
Duman RS. mTOR-dependent synapse formation underlies the rapid 
antidepressant effects of NMDA antagonists. Science. 2010;329:959–64.

	14.	 Naser PV, Kuner R. Molecular, cellular and circuit basis of cholinergic 
modulation of pain. Neuroscience. 2018;387:135–48.

	15.	 Wood JN, Grafman J. Human prefrontal cortex: processing and represen‑
tational perspectives. Nat Rev Neurosci. 2003;4:139–47.

	16.	 Sun Q, Li X, Ren M, Zhao M, Zhong Q, Ren Y, Luo P, Ni H, Zhang X, 
Zhang C, et al. A whole-brain map of long-range inputs to GABAergic 
interneurons in the mouse medial prefrontal cortex. Nat Neurosci. 
2019;22:1357–70.

	17.	 Markram H, Toledo-Rodriguez M, Wang Y, Gupta A, Silberberg G, Wu C. 
Interneurons of the neocortical inhibitory system. Nat Rev Neurosci. 
2004;5:793–807.

	18.	 Walker AK, Kavelaars A, Heijnen CJ, Dantzer R. Neuroinflammation and 
comorbidity of pain and depression. Pharmacol Rev. 2014;66:80–101.

	19.	 Kiecolt-Glaser JK, Derry HM, Fagundes CP. Inflammation: depression fans 
the flames and feasts on the heat. Am J Psychiatry. 2015;172:1075–91.

	20.	 Ji RR, Nackley A, Huh Y, Terrando N, Maixner W. Neuroinflammation and 
central sensitization in chronic and widespread pain. Anesthesiology. 
2018;129:343–66.

	21.	 Cui JG, Holmin S, Mathiesen T, Meyerson BA, Linderoth B. Possible role 
of inflammatory mediators in tactile hypersensitivity in rat models of 
mononeuropathy. Pain. 2000;88:239–48.

	22.	 Reeve AJ, Patel S, Fox A, Walker K, Urban L. Intrathecally administered 
endotoxin or cytokines produce allodynia, hyperalgesia and changes 
in spinal cord neuronal responses to nociceptive stimuli in the rat. Eur J 
Pain. 2000;4:247–57.

	23.	 Maes M, Lambrechts J, Bosmans E, Jacobs J, Suy E, Vandervorst C, de Jon‑
ckheere C, Minner B, Raus J. Evidence for a systemic immune activation 
during depression: results of leukocyte enumeration by flow cytom‑
etry in conjunction with monoclonal antibody staining. Psychol Med. 
1992;22:45–53.

	24.	 Raison CL, Woolwine BJ, Demetrashvili MF, Borisov AS, Weinreib R, Staab 
JP, Zajecka JM, Bruno CJ, Henderson MA, Reinus JF, et al. Paroxetine for 
prevention of depressive symptoms induced by interferon-alpha and 
ribavirin for hepatitis C. Aliment Pharmacol Ther. 2007;25:1163–74.

	25.	 O’Brien SM, Scully P, Fitzgerald P, Scott LV, Dinan TG. Plasma cytokine 
profiles in depressed patients who fail to respond to selective serotonin 
reuptake inhibitor therapy. J Psychiatr Res. 2007;41:326–31.

	26.	 Basterzi AD, Aydemir C, Kisa C, Aksaray S, Tuzer V, Yazici K, Goka E. IL-6 
levels decrease with SSRI treatment in patients with major depression. 
Hum Psychopharmacol. 2005;20:473–6.

	27.	 Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Functional connectivity in the 
motor cortex of resting human brain using echo-planar MRI. Magn Reson 
Med. 1995;34:537–41.

	28.	 Decosterd I, Woolf CJ. Spared nerve injury: an animal model of persistent 
peripheral neuropathic pain. Pain. 2000;87:149–58.

	29.	 McSweeney C, Mao Y. Applying stereotactic injection technique to study 
genetic effects on animal behaviors. J Vis Exp. 2015:e52653.

	30.	 Yang P, Wang Z, Zhang Z, Liu D, Manolios EN, Chen C, Yan X, Zuo W, Chen 
N. The extended application of the rat brain in stereotaxic coordinates in 
rats of various body weight. J Neurosci Methods. 2018;307:60–9.

	31.	 Xu T, Zhang XL, Ou-Yang HD, Li ZY, Liu CC, Huang ZZ, Xu J, Wei JY, Nie 
BL, Ma C, et al. Epigenetic upregulation of CXCL12 expression medi‑
ates antitubulin chemotherapeutics-induced neuropathic pain. Pain. 
2017;158:637–48.

	32.	 Seibenhener ML, Wooten MC. Use of the open field maze to measure 
locomotor and anxiety-like behavior in mice. J Vis Exp. 2015:e52434.

	33.	 Walf AA, Frye CA. The use of the elevated plus maze as an assay of 
anxiety-related behavior in rodents. Nat Protoc. 2007;2:322–8.

	34.	 Ari C, D’Agostino DP, Diamond DM, Kindy M, Park C, Kovacs Z. Elevated 
plus maze test combined with video tracking software to investigate the 
anxiolytic effect of exogenous ketogenic supplements. J Vis Exp. 2019.

	35.	 Perez PD, Ma Z, Hamilton C, Sanchez C, Mork A, Pehrson AL, Bundgaard 
C, Zhang N. Acute effects of vortioxetine and duloxetine on resting-
state functional connectivity in the awake rat. Neuropharmacology. 
2018;128:379–87.

	36.	 Egorova N, Veldsman M, Cumming T, Brodtmann A. Fractional amplitude 
of low-frequency fluctuations (fALFF) in post-stroke depression. Neuroim‑
age Clin. 2017;16:116–24.

	37.	 Zou QH, Zhu CZ, Yang Y, Zuo XN, Long XY, Cao QJ, Wang YF, Zang YF. An 
improved approach to detection of amplitude of low-frequency fluctua‑
tion (ALFF) for resting-state fMRI: fractional ALFF. J Neurosci Methods. 
2008;172:137–41.

	38.	 Zhang SB, Lin SY, Liu M, Liu CC, Ding HH, Sun Y, Ma C, Guo RX, Lv YY, Wu 
SL, et al. CircAnks1a in the spinal cord regulates hypersensitivity in a 
rodent model of neuropathic pain. Nat Commun. 2019;10:4119.

	39.	 D’Acquisto F. Affective immunology: where emotions and the immune 
response converge. Dialogues Clin Neurosci. 2017;19:9–19.

	40.	 Maydych V. The interplay between stress, inflammation, and emotional 
attention: relevance for depression. Front Neurosci. 2019;13:384.

	41.	 Dharmshaktu P, Tayal V, Kalra BS. Efficacy of antidepressants as analgesics: 
a review. J Clin Pharmacol. 2012;52:6–17.

	42.	 Petralia MC, Mazzon E, Fagone P, Basile MS, Lenzo V, Quattropani MC, Di 
Nuovo S, Bendtzen K, Nicoletti F. The cytokine network in the pathogen‑
esis of major depressive disorder. Close to translation? Autoimmun Rev. 
2020;19:102504.

	43.	 Kong E, Sucic S, Monje FJ, Savalli G, Diao W, Khan D, Ronovsky M, Cabatic 
M, Koban F, Freissmuth M, Pollak DD. STAT3 controls IL6-dependent regu‑
lation of serotonin transporter function and depression-like behavior. Sci 
Rep. 2015;5:9009.

	44.	 Wang H, Tan YZ, Mu RH, Tang SS, Liu X, Xing SY, Long Y, Yuan DH, Hong H. 
Takeda G protein-coupled receptor 5 modulates depression-like behav‑
iors via hippocampal CA3 pyramidal neurons afferent to dorsolateral 
septum. Biol Psychiatry. 2021;89:1084–95.

	45.	 Luo ZY, Huang L, Lin S, Yin YN, Jie W, Hu NY, Hu YY, Guan YF, Liu JH, You 
QL, et al. Erbin in amygdala parvalbumin-positive neurons modulates 
anxiety-like behaviors. Biol Psychiatry. 2020;87:926–36.

	46.	 Zang YF, He Y, Zhu CZ, Cao QJ, Sui MQ, Liang M, Tian LX, Jiang TZ, Wang 
YF. Altered baseline brain activity in children with ADHD revealed by 
resting-state functional MRI. Brain Dev. 2007;29:83–91.

	47.	 Albert PR. The adaptive brain in mental health: overcoming inherited risk 
factors. J Psychiatry Neurosci. 2017;42:3–5.

	48.	 Song C, Orlandi C, Sutton LP, Martemyanov KA. The signaling proteins 
GPR158 and RGS7 modulate excitability of L2/3 pyramidal neurons and 
control A-type potassium channel in the prelimbic cortex. J Biol Chem. 
2019;294:13145–57.

	49.	 Wang GQ, Cen C, Li C, Cao S, Wang N, Zhou Z, Liu XM, Xu Y, Tian NX, 
Zhang Y, et al. Deactivation of excitatory neurons in the prelimbic 
cortex via Cdk5 promotes pain sensation and anxiety. Nat Commun. 
2015;6:7660.

	50.	 Kelly CJ, Huang M, Meltzer H, Martina M. Reduced glutamatergic currents 
and dendritic branching of layer 5 pyramidal cells contribute to medial 



Page 16 of 16Zhao et al. Journal of Neuroinflammation          (2022) 19:144 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

prefrontal cortex deactivation in a rat model of neuropathic pain. Front 
Cell Neurosci. 2016;10:133.

	51.	 Toray H, Hasegawa T, Sakagami N, Tsuchiya E, Kudo A, Zhao S, Moritani Y, 
Abe M, Yoshida T, Yamamoto T, et al. Histochemical assessment for osteo‑
blastic activity coupled with dysfunctional osteoclasts in c-src deficient 
mice. Biomed Res. 2017;38:123–34.

	52.	 Lang P, Schultzberg M, Andersson G. Expression and distribution of 
tartrate-resistant purple acid phosphatase in the rat nervous system. J 
Histochem Cytochem. 2001;49:379–96.

	53.	 Hayman AR, Bune AJ, Bradley JR, Rashbass J, Cox TM. Osteoclastic 
tartrate-resistant acid phosphatase (Acp 5): its localization to dendritic 
cells and diverse murine tissues. J Histochem Cytochem. 2000;48:219–28.

	54.	 Norman GJ, Karelina K, Zhang N, Walton JC, Morris JS, Devries AC. Stress 
and IL-1beta contribute to the development of depressive-like behavior 
following peripheral nerve injury. Mol Psychiatry. 2010;15:404–14.

	55.	 Fu X, Zunich SM, O’Connor JC, Kavelaars A, Dantzer R, Kelley KW. Central 
administration of lipopolysaccharide induces depressive-like behavior 
in vivo and activates brain indoleamine 2,3 dioxygenase in murine 
organotypic hippocampal slice cultures. J Neuroinflammation. 2010;7:43.

	56.	 Hedrich CM, Rauen T, Apostolidis SA, Grammatikos AP, Rodriguez NR, 
Ioannidis C, Kyttaris VC, Crispin JC, Tsokos GC. Stat3 promotes IL-10 
expression in lupus T cells through trans-activation and chromatin 
remodeling. Proc Natl Acad Sci USA. 2014;111:13457–62.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Adaptation of prelimbic cortex mediated by IL-6STAT3Acp5 pathway contributes to the comorbidity of neuropathic pain and depression in rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals and SNI model
	Injection of adeno-associated virus (AAV)
	Mechanical allodynia
	Forced swimming test (FST)
	Open field test (OFT)
	Elevated plus maze (EPM)
	MRI scan and data analysis
	Western blot
	RNA extraction and quantitative polymerase chain reaction
	Fluorescence in situ hybridization (FISH) and immunofluorescence
	Cell culture
	Patch-clamp recording in PrL slices
	Chromatin immunoprecipitation assays
	Co-immunoprecipitation (Co-IP)
	Statistical analyses

	Results
	SNI induced the comorbidity of neuropathic pain and depression in rats
	Decreased activity of prelimbic cortex was involved in the comorbidity of neuropathic pain and depression in rats
	Acp5 was significantly increased in PrL in the comorbid rats
	Acp5 contributed to comorbidity-related behavior through modulating excitability of PrL pyramidal neurons
	IL-6STAT3 signal pathway contributed to the comorbidity of neuropathic pain and depression
	The activated transcription factor STAT3 regulated Acp5 expression following the acquisition of comorbidity of neuropathic pain and depression

	Discussion
	Conclusions
	Acknowledgements
	References


