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SUMMARY
The pathogenesis of hyperalgesia is complex and can lead to poor clinical treatment. Our study revealed that
epididymal white adipose tissue (eWAT) from spared nerve injury (SNI) mice is involved in the occurrence of
hyperalgesia after adipose tissue transplantation. We also showed that lysophosphatidylcholine (LPC) is en-
riched in the eWAT of SNImice using non-targetedmetabolomic analysis and verified that the levels of LPC in
plasma and the anterior cingulate cortex (ACC) region increased following eWAT transplantation. Based on
the immunohistochemistry results, we observed that LPC in the ACC region activated microglia via the
TRPV1/CamkII pathway. Meanwhile, the disruption of perineuronal nets (PNNs) around PV+ neurons in
ACC promoted hyperalgesia, and the loss of PNNs and PV+ interneurons might be due to microglial phago-
cytosis. These findings elucidate the mechanism underlying hyperalgesia from the perspective of lipid
metabolite LPC and PNNs and provide potential strategies for the treatment of hyperalgesia.
INTRODUCTION

Adipose tissue, known to be the largest endocrine organ, can

produce a broad range of bioactive factors that play an important

role in communication between peripheral organs and the cen-

tral nervous system.1 Clinical studies have shown that visceral

white adipose tissue is closely related to insulin resistance, hy-

pertension, and lipid metabolism disorders.2 A study reported

that the incidence of neuropathic pain arising from non-mechan-

ical load (such as gravity) was higher in patients with a high-BMI,

while paroxysmal pain was more severe.3 Adipose tissue se-

cretes a variety of factors, such as IL-10, IL-6, and leptin to in-

crease joint pain susceptibility,4 suggesting that it has a potential

role in neuropathic pain. In addition to the well-known lipid fac-

tors mentioned previously, adipose tissue can also play a role

in inter-organ communication through some lipid metabolites,

thus, regulating the function of recipient organs. For example,

the circulating levels of visceral adipose tissue-derived serine

protease inhibitor (Vaspin) could appear as amarker of musculo-

skeletal pain disability.5 However, the potential role of adipose

tissue-derived metabolites in neuropathic pain remains unclear.

Perineuronal nets (PNNs) are the most prominent extracellular

matrix structures in the CNS. In the neocortex, PNNs particularly

enwrap neuronal soma and proximal dendrites of fast-spiking
iScience 27, 111274, Decem
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parvalbumin-positive (PV+) inhibitory interneurons, and regulate

their intrinsic excitability and synaptic inputs.6 In a recent study,

the activation of microglia in the spinal cord was shown to

degrade the PNNs around the projection neurons, enhance the

activity of projection neurons and induce pain hypersensitivity.7

Yet, little is known about the functional and structural changes

of PNNs in brain regions associated with the hyperalgesia

response. Whether adipose tissue-derived metabolites can

affect changes in PNNs due to hyperalgesia remains undeter-

mined. We investigated whether PNNs are present and affect

the activity of neurons involved in the processing of nociceptive

information.

In this study, we assessed the potential role of visceral adipose

tissue in hyperalgesia. We conducted a non-targeted metabolo-

mics analysis on transplanted adipose tissue to examine

whether lipid-derived lysophosphatidylcholine (LPC) is a differ-

ential metabolite associated with hyperalgesia. In addition, we

applied molecular biology techniques to identify the mechanism

by which LPC activated microglia in the anterior cingulate cortex

(ACC) of hyperalgesia mice in a recipient group to regulate the

function of the perineuronal nets. The study clarified the expres-

sion level and corresponding signaling pathway changes of LPC

in the ACC of the adipose tissue transplantation recipient mice.

This work aimed to clarify the mechanism of hyperalgesia from
ber 20, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. The pain threshold of mice changed after fat transplantation, microglia in ACC region was activated

(A) The mechanical withdrawal threshold and thermal withdrawal latency of the SNI/Sham mice, n = 8, SNI vs. Sham *p ＜ 0.05,**p ＜ 0.01, ***p ＜ 0.001.

(B) The mechanical withdrawal threshold and thermal withdrawal latency of the TransSNI/Sham and non-transplanted mice, n = 8, TransSNI vs. Transsham *p＜ 0.05,

**p ＜ 0.01; TransSNI vs. Non-transplanted #p ＜ 0.05, ##p ＜ 0.01.

(C) Representative immunofluorescence staining images of microglia of the recipient and non-transplanted mice and microglia density, scale bar, 100 mm, scale

bar, 10 mm, n = 6. Data are represented as mean ± SEM.
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the perspective of lipid metabolite LPC and PNNs and to provide

potential treatment strategies for hyperalgesia.

RESULTS

The fat-transplanted mice developed hyperalgesia
To determine whether adipose tissue played a role in chronic hy-

peralgesia of neuropathic pain, the epididymal white adipose tis-

sue (eWAT) from spared nerve injury (SNI)mice (TransSNI) or sham

mice (TransSham) was implanted subcutaneously on the dorsum

of normal mice. The SNI mouse model evoked mechanical and

thermal hypersensitivity (Figure 1A). After transplantation, we

observed the mechanical withdrawal threshold (MWT) and ther-

mal withdrawal latency (TWL) of the TransSNI mice, TransSham

mice, and non-transplanted mice on the postoperative day 3, 5,

7, 9, 11, and 14. The TransSNI group of mice showed lower

threshold values compared to the other two groups in MWT and

TWL during day 5–14 after transplantation (Figure 1B).The immu-

nostaining ofACCsections showed that themorphologyofmicro-

glia changedandhad larger cell bodies and shorter branches, and

the total number of microglia cells was increased (Figure 1C).

LPC was enriched in the eWAT from SNI mice
Lipid metabolites are important modulators of adipose tissue on

host pathophysiology. In order to explore the underlying mecha-

nism of adipose tissue, we sought to detail the compositional dif-

ferences between the SNI and the sham group and identify the
2 iScience 27, 111274, December 20, 2024
potential deleterious product generated from adipose tissue.

Thus, we performed non-targeted metabolomics analysis for ad-

ipose tissue from the two groups. The score plots of Orthogonal

partial least squares-discriminant analysis (OPLS-DA) obtained

from Liquid Chromatograph-Mass Spectrometer (LC-MS) data

demonstrated that the metabolites of the SNI and sham group

could be clearly differentiated with statistical significance (Fig-

ure 2A). TheR2Ycum (0.994) andQ2cum (0.851) values exceeded

0.5, indicating that this OPLS-DA model fitted the data very well

and had good predictive ability. In the permutation test, all

permuted R2s and Q2s were lower than the original values on

the right, suggesting that the OPLS-DA model was not random

or overfitted (Figure 2A). Figure 2B illustrates the main different

metabolites detected in the adipose tissue between the SNI

and sham group. We focused on lysophosphatidylcholine (LPC)

because it is a lysolecithin, which has been extensively linked

to the generation and maintenance of pain. It was enriched in

the visceral adipose tissue of mice which underwent SNI surgery.

LPC is mainly derived from the turnover of phosphatidylcholine

(PC) in the circulation by phospholipase A2 (PLA 2) (Figure S1).

LPC induced by eWAT in SNImice played a crucial role in
hyperalgesia
To evaluate whether LPC plays a role in hyperalgesia, we used

the highly potent and selective PLA2 inhibitor varespladib to

block PLA2 activity in vivo. TransSNI mice were administered var-

espladib (10 mg/kg per day for 4 days) and the LPC levels in their



Figure 2. Non-targeted metabolomics anal-

ysis

(A) OPLS-DA.

(B) Heatmap of the hierarchical clustering analysis

of differentially expressed metabolites in the top 50

VIP values, n = 6.
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ACC region and plasma evaluated. The LPC levels in the ACC

region and plasma of TransSNI mice were higher than those of

TransSham mice, and the varespladib treatment significantly

diminished the LPC levels in the ACC region and plasma (Fig-

ure 3A). The varespladib remarkably relieved the mechanical

and thermal hypersensitivity and inhibited microglia activation

(Figures 3B and 3C). Hence, LPC is a critical regulator of hyper-

algesia and microglia activation after transplantation.

LPC activated ACC microglia via the TRPV1/
CamkIIpathway inducing hyperalgesia
LPC 18:1 is recognized as a previously unknown endogenous

activator of the ligand-gated calcium channels transient receptor

potential V1 (TRPV1) in primary sensory neurons.8 Besides, mi-

croglial cells have an important role in initiating and maintaining

pain and inflammation. Therefore, we explored the involvement

of LPC in microglia activation. We compared the expression of

TRPV1/p-CamkIIin the ACC between TransSNI and TransSham

groups and observed that TransSNI significantly increased the

level of TRPV1 and CamkIIphosphorylationon at day 14 after

transplantation (Figure 4A). TRPV1 is a non-selective ion channel

that regulates the influx of Ca2+, we, thus, monitored the activa-

tion of CamkII by comparing it with CamkIIphosphorylation.

In order to investigate the effect of LPC on TRPV1 activation,

we tested the expression of TRPV1/p-CamkIIin the ACC after

the application of varespladib. The varespladib significantly

decreased the expression of TRPV1/p-CamkII (Figure 4B). The

results indicate that LPC is an endogenous activator of TRPV1/

CamkII. Then, we used the TRPV1 inhibitor A784168, which
iSc
considerably relieved the mechanical

and thermal hypersensitivity (Figure 4C).

As shown in Figure 4D, the TRPV1 inhibi-

tor A784168 notably inhibited the expres-

sion of TRPV1 and CamkII activation.

Meanwhile, A784168 inhibited the activa-

tion of microglia and decreased the total

number of microglia cells (Figure 4E). We

performed double-labeling immunofluo-

rescence to verify the TRPV1 channels

on microglia. The Iba1-labeled microglia

was closely surrounded by TRPV1 sig-

nals, that overlapped with it (Figure 4F),

suggesting that LPC activated the

TRPV1 channels on microglia. Next, we

administered the CamkIIinhibitor KN-93,

which substantially reduced the level of

CamkIIphosphorylationon at day 14 (Fig-

ure 5A). It also relieved the mechanical

and thermal hypersensitivity from day 11

to day 14 after transplantation and in-
hibited microglia activation (Figures 5B and 5C). These results

imply that LPC activated microglia to regulate hyperalgesia via

the TRPV1/CamkII pathway.

The degradation of the PNNs in the ACCof TransSNI mice
might be due to microglial phagocytosis
The PNNs are widespread in the ACC region, which play an

important role in both acute and chronic pain.Wisteria floribunda

agglutinin (WFA) identified the PNNs by selectively binding the

glycosaminoglycan (GAG) sugar side chains of PNN glycopro-

teins. We observed the degradation of PNNs in the TransSNI

group as there was a significant reduction in WFA signal (Fig-

ure 6A). We administered protease-free chABC to degrade the

PNNs in the ACC to verify the role of it. The MWT and TWL at

3, 7, and 14 days were significantly decreased in mice injected

with chABC, and chABC caused the disappearance of PNNs in

the ACC. These results indicated that PNNs played an important

role in the hyperalgesia induced by transplantation (Figures 6B–

6F). Recent studies revealed that microglia-mediated alterations

of PNNs contribute to the pathogenesis of neurodegenerative

diseases.9,10 To study whether the degradation of the PNNs in

the ACC region after transplantation is associated withmicroglia,

we performed double labeling of Iba1 and WFA proteins. As

demonstrated in Figure 7A, we observed that the total number

of microglial cells increased, and the signal of PNNs declined

in the TransSNI group. In addition, double immunofluorescent

staining revealed co-localization of Iba1 and WFA in the

TransSNI group. Then we used confocal microscope for a much

clearer image. We found that the activated microglia tended to
ience 27, 111274, December 20, 2024 3



Figure 3. The varespladib relieved mechanical and thermal hypersensitivity, and inhibited microglia activation

(A) The LPC levels of the ACC region and plasma, n = 6, *p ＜ 0.05, **p ＜ 0.01.

(B) The mechanical withdrawal threshold and thermal withdrawal latency of the recipient mice, n = 8, TransSNI (Red)/TransSNI + varespladib (Green) vs. Transsham

*p ＜ 0.05, **p ＜ 0.01; TransSNI vs. TransSNI + varespladib #p ＜ 0.05, ##p ＜ 0.01.

(C) Representative immunofluorescence staining images of microglia of the recipient mice and microglia density, scale bar, 100 mm, scale bar, 20 mm, *p＜ 0.05,

**p ＜ 0.01, n = 6. Data are represented as mean ± SEM.
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actively move around the PNNs in one fluorescence section, and

numerous microglia contained WFA immunoreactivity within

their body in another fluorescence section in the TransSNI group

(Figure 7B), indicating that microglial cells might be phagocy-

tosing PNNs. This phenomenon existed only in the TransSNI

group. No WFA signal was detected within microglial body of

the control group.

Inhibitory interneurons had abnormal discharge in
TransSNI mice
Given that inhibitory interneurons in the ACC region are essential

in controlling pain, we recorded the firing rates of inhibitory inter-

neurons in the ACC region with a patch-clamp (Figure 8A). We

found a significant reduction in the amplitude of miniature inhib-

itory postsynaptic currents (mIPSCs) in the TransSNI mice group.

Although there was no difference in the frequency of mIPSCs be-

tween the two groups (Figure 8B), we observed abnormal firing

properties of inhibitory interneurons in TransSNI mice. PNNs pri-

marily wrap around certain neurons in the central nervous sys-

tem and have a widely known role of protective barrier. The

abundance of PNNs in the ACC region was reduced, leading to

the exposure of inhibitory interneurons and thus their dysfunc-

tion. Hyperalgesia was the negative consequence resulting

from the exposure.
4 iScience 27, 111274, December 20, 2024
Disruption of PNNs around PV+ neurons in ACC
promoted hyperalgesia
In the ACC, PNNs particularly enwrap neuronal soma and prox-

imal dendrites of fast-spiking PV+ inhibitory interneurons, which

can regulate their intrinsic excitability and synaptic inputs. There-

fore, we performed double labeling of PV+ and WFA proteins.

PNNs mainly enwrapped parvalbumin-positive inhibitory inter-

neurons in the ACC of the two groups. The number of PV+ neu-

rons and the fluorescence intensity of PNNs significantly

decreased in the TransSNI group (Figure 9A). Microglia are

currently considered to be unique phagocytes in the brain. In

the state of hyperalgesia, we explored the relationship between

microglia and PV+ neurons. The immunostaining sections of

TransSNI mice showed that the morphology of microglia

changed, and the total number of microglia cells was increased.

We also observed that the number of PV+ neurons in the TransSNI

group reduced, while, some microglia enwrapped the PV+ neu-

rons. From a much clearer image made using a confocal micro-

scope, we found branches of a microglia enwrapping PV+ neu-

rons (Figure 9B). But this phenomenon did not exist in the

TransSham group. Additionally, as demonstrated in Figure S2,

we observed that chABC caused the disappearance of PNNs

around PV+ neurons in the ACC, and there was no difference in

the number of PV+ neurons between the chABC and control



Figure 4. LPC activated microglia regulating

hyperalgesia via the TRPV1/CamkII pathway

(A) The TRPV1/p-CamkII levels of the ACC region

in TransSNI and Transsham mices, *p ＜ 0.05, **p ＜
0.01, n = 5.

(B) The TRPV1/p-CamkII levels of the ACC region in

the TransSNI, Transsham, and TransSNI + varespladib

mice, *p ＜ 0.05, **p ＜ 0.01, n = 5.

(C) The mechanical withdrawal threshold and

thermal withdrawal latency of the recipient mice,

n = 8, TransSNI (Red)/TransSNI +A784168 (Green)

vs. Transsham, *p ＜ 0.05, **p ＜ 0.01; TransSNI vs.

TransSNI +A784168, #p＜ 0.05, ##p＜ 0.01, ###p＜
0.001.

(D) The TRPV1/p-CamkII levels of the ACC region in

the TransSNI, Transsham, and TransSNI + A784168

mice, *p ＜ 0.05, **p ＜ 0.01, n = 5.

(E) Representative immunofluorescence staining

images of microglia of the recipient mice and mi-

croglia density, *p＜ 0.05, scale bar, 100 mm, scale

bar, 20 mm, n = 6.

(F) Representative immunofluorescence staining

images of double labeling TRPV1 and Iba1, scale

bar, 20 mm, scale bar, 7.5 mm. Data are represented

as mean ± SEM.
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group. These collective results suggest that the loss of PNNs and

PV+ interneurons might be due to microglial phagocytosis. The

finding may shed further light on the underlying mechanism of

hyperalgesia induced by fat transplantation.

DISCUSSION

In this study, we revealed the role of adipose tissue in the devel-

opment of hyperalgesia. The principal findings are as follows: (1)

The recipient mice that received eWAT of SNI mice developed

hyperalgesia. LPC was enriched in the eWAT of SNI mice, indi-
iSc
cating that LPC plays an important role

in hyperalgesia; (2) LPC in the ACC region

activated microglial cells through the

TRPV1/CamkII pathway; (3) Disruption of

PNNs around PV+ neurons in ACC pro-

moted hyperalgesia, and the degradation

of PNNs may be mediated by microglia.

Visceral white adipose tissue is
involved in the occurrence of
hyperalgesia
The adipose tissue in mammals can be

classified into WAT which primarily stores

energy and participates in endocrine

functions, BAT, which mainly generates

heat and energy to maintain core body

temperature, and beige adipose tissue.11

WAT is the main adipose tissue present

in adolescents and adults, as the BAT

mass decreases with age in humans.12

Clinical studies have determined that

visceral white adipose tissue (vWAT) is
closely associated with insulin resistance, hypertension, and

lipid metabolism disorders2 and produces various bioactive

factors that coordinate with the central or peripheral nervous

system.1 Research has also shown that visceral adipose tis-

sue-derived extracellular vesicles mediate adipose tissue-brain

inter-organ communication, and induce cognitive impairment

associated with insulin resistance.13 Regarding the relationship

between adipose tissue and pain, a study reported that the

incidence of neuropathic pain arising from non-mechanical

load (such as gravity) was higher in the high-BMI patients, while

paroxysmal pain was more severe.3 Furthermore, adipose
ience 27, 111274, December 20, 2024 5



Figure 5. KN-93 reduced the level of CamkII-

phosphorylationon and relieved the me-

chanical and thermal hypersensitivity after

transplantation, and inhibited microglia acti-

vation

(A) The p-CamkII levels of the ACC region in the

TransSNI, Transsham, and TransSNI +KN-93 mice,

*p ＜ 0.05, n = 5.

(B) The mechanical withdrawal threshold and

thermal withdrawal latency of the recipient mice,

n = 8, TransSNI (Red)/TransSNI +KN-93 (Green) vs.

Transsham, *p ＜ 0.05, **p ＜ 0.01; TransSNI vs.

TransSNI +KN-93, #p ＜ 0.05, ##p ＜ 0.01.

(C) Representative immunofluorescence staining

images of microglia of the recipient mice and mi-

croglia density, *P＜0.05, Scale bar = 100 mm,

Scale bar, 20 mm, n = 6. Data are represented as

mean ± SEM.
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tissue alterations are known to increase neuropathic pain by

activating the AMPK-ERK-NOX4 pathway.14 These studies

suggest that adipose tissue has a potential role in neuropathic

pain. To validate the role of vWAT in chronic hyperalgesia of

neuropathic pain, we performed adipose tissue transplantation.

Our findings are consistent with previous studies. The TransSNI

mice exhibited hyperalgesia from day 5 to 14 after transplanta-

tion, indicating the involvement of adipose tissue in neuropathic

pain. Our immunostaining of ACC sections showed changes in

the morphology of microglia cells, including enlarged cell

bodies, shortened processes, and increased the total number

of microglia cells.

LPC induced by fat transplantation played a crucial role
in hyperalgesia
LPC is a bioactive pro-inflammatory lipid. In response to lipid

peroxidation as a result of inflammation and tissue injury, phos-

pholipids undergo lipid peroxidation to LPC.15 Exposure to

endogenous and exogenous LPC can trigger inflammatory cas-

cades under chronic disease conditions,16 such as diabetes,

cancer, cardiovascular disease, or neurodegenerative dis-

eases.17,18 Oxidative stress and inflammation are underlying

mechanisms of chronic pain.19 We have established that LPC

was enriched in the visceral adipose tissue of SNI-operated

mice using non-targeted metabolomics analysis. Additionally,

LPC levels increased in the ACC region and plasma of the

TransSNI group mice. Different forms of LPC exist in various
6 iScience 27, 111274, December 20, 2024
cellular and tissue systems, but the LPC

in the brain mainly originates from blood,

transmitted through specific LPC recep-

tors on the blood-brain barrier.20,21

Elevated LPC levels in plasma may occur

through two possible pathways: firstly,

LPC-rich adipose tissue in SNI mice may

release LPC into the bloodstream via

paracrine, endocrine, or autocrine path-

ways; secondly, LPC may act as a pro-in-

flammatory mediator that triggers sys-

temic inflammation and increases LPC
production throughout the body.22,23 PLA2 is a key enzyme in

the generation of LPC. Therefore, we administered the PLA2 in-

hibitor varespladib to block PLA2 activity and reduce LPC levels

in the body. Our results showed that the varespladib treatment

significantly reduced the LPC levels in the ACC region and

plasma of TransSNI mice. The varespladib markedly alleviated

mechanical and thermal hypersensitivity and inhibited microglia

activation. Our results are in line with previous studies, illus-

trating that cauda equina compression (CEC) can develop into

neuropathic pain while cerebrospinal fluid and plasma levels of

various LPC species, especially LPC (16:0), LPC (18:2), and

LPC (20:4), significantly increase in CEC model rats or patients

with lumbar spinal stenosis (LSS).24 In a clinical study of 650 pa-

tients with multisite musculoskeletal pain from Newfoundland,

the level of LPC in patients was positively correlated with multi-

site musculoskeletal pain.25 Numerous studies have demon-

strated that levels of LPC in animal or human body fluids or tis-

sues are elevated in various chronic pain states, including

chronic inflammatory pain, chronic joint pain, neuropathic pain,

and fibromyalgia. Our study revealed that LPC is a critical regu-

lator of hyperalgesia signaling that it might be an interesting

target for biomarkers and an opportunity to develop chronic

pain medicine.

The level of LPC is closely related to the activation of micro-

glia. Although it has been shown that LPC induces intracellular

Ca2+ influx and morphological changes in microglia from rami-

fied into ameboid microglia,26 a study has uncovered that



Figure 6. PNNs played an important role in

the hyperalgesia induced by transplantation

(A) Representative immunofluorescence staining

images of PNNs of the recipient and non-trans-

planted mice and PNNs density, scale bar, 50 mm,

n = 6, *p ＜ 0.05, **p ＜ 0.01.

(B) The injection of chABC lead to the develop-

ment of hyperalgesia, n = 6, *p＜ 0.05,**p ＜ 0.01,

***p ＜ 0.001.

(C–F) Images and quantification showing elimina-

tion of PNNs in chABC group on day 3,7, and 14

after injection, scale bar, 50 mm, n = 5 *p ＜ 0.05,

**p＜ 0.01, ***p ＜ 0.001. Data are represented as

mean ± SEM.
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LPC can mediate glia activation via the Rho kinase-dependent

pathway.27 We also found that the ACC region of TransSNI

mice notably elevated the level of TRPV1 and CamkIIphosphor-

ylation after transplantation. TRPV1 is a non-selective ion chan-

nel that regulates the influx of Ca2+. In a study of itch, LPC was

shown to activate skin innervating TRPV1+ pruriceptor sensory

neurons and for LPA to directly activate TRPA1 and

TRPV1.28,29 Another study reported that TRPV1 is a critical

neuropathic pain biomarker, primarily functioning in microglial

cells rather than neurons in the ACC region.30 Our proteins

and double labeling of Iba1 and TRPV1 results also demon-

strated this point. The varespladib substantially reduced the

expression of TRPV1/p-CamkII. The results indicate that LPC

is an endogenous activator of the TRPV1/CamkII pathway.

When, we used the TRPV1 inhibitor A784168 and the CamkII in-

hibitor KN-93, they significantly alleviated mechanical and ther-

mal hypersensitivity, as well as inhibited the expression of

TRPV1 and CamkII activation. Meanwhile, A784168 and KN-

93 inhibited the activation of microglia and decreased the total

number of microglia cells. These results suggest that LPC acti-

vated the TRPV1 channels on microglia to mediate microglia

activation consequently inducing hyperalgesia.
iSc
Activated microglia promoted the
degradation of PNNs in the ACC
PNNs are the most prominent extracel-

lular matrix structures in the CNS,

crucial for regulating and stabilizing neu-

roplasticity and synaptic activity during

development and adulthood.31 In the

neocortex, PNNs particularly enwrap

neuronal soma and proximal dendrites

of fast-spiking parvalbumin-positive

inhibitory interneurons, and regulate

their intrinsic excitability and synaptic in-

puts.6 A study revealed that perineuro-

nal nets were associated rather rarely

to pyramidal cells compared to inhibi-

tory interneurons in layers II/III and V/VI

of rat neocortex.32 At the cellular level,

CaMKII is mainly expressed in excitatory

pyramidal neurons in the cortex. As

shown in Figure S3, a large proportion

of PNNs was co-localized with inhibitory
PV+ neurons but not with CaMKII-IR neurons in the ACC.

Therefore, we only focused on the PNNs around PV+ neurons

in this study. Recent studies have shown that PNNs in various

brain regions of the central nervous system can participate in

the regulation of pain. Two key components of PNNs, hapln1,

and aggrecan, were considerably reduced in the hippocam-

pus of chronic pain mice.33 In addition, it has been reported

that microglia degrade PNNs which selectively enwrap spino-

parabrachial projection neurons after peripheral nerve injury,

thereby enhancing the activity of projection neurons and

inducing pain-related behaviors.34 Mascio et al. reported

that PNNs degradation induced by intracortical infusion of

chondroitinase-ABC significantly lowered mechanical and

thermal pain in complete Freund’s adjuvant (CFA)-injected

mice.35 These studies confirm the important role of PNNs in

pain. Our study showed that PNNs in the ACC region of

mice displaying hyperalgesia was extensively degraded,

which is consistent with previous research. Different brain re-

gions play different roles in pain, so the regulation of PNNs in

different brain regions also varies. For example, the degrada-

tion of PNNs in the somatosensory cortex alleviates pain, but

in the ACC area, it is completely reversed.
ience 27, 111274, December 20, 2024 7



Figure 7. The degradation of the PNNs in the

ACC of TransSNI micemight be due tomicro-

glial phagocytosis

(A) Represent images of double labeling PNNs and

Iba1 in the recipient mice, scale bar, 100 mm, scale

bar, 20 mm, n = 6, **p ＜ 0.01, ***p ＜ 0.001.

(B) Different sections represent images of double

labeling PNNs and Iba1 of the TransSNI mice, scale

bar, 20 mm. Data are represented as mean ± SEM.
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The loss of PV+ interneurons induced hyperalgesia
Inhibitory interneurons in the ACC region are essential in control-

ling pain.36,37 An earlier study conducted multiple whole-cell re-

cordings of neurons in layer 5 (L5) of the ACC of adult mice after

chronic constriction injury to the sciatic nerve of the left hind

paw. They observed a decrease in mEPSC and mIPSC fre-

quencies.38 We recorded the firing rates of inhibitory interneu-

rons in the ACC region with a patch-clamp. We found a note-

worthy decline in the amplitude of mIPSCs in the TransSNI mice

group. There was also no difference in the frequency of mIPSCs

between two the groups. The result indicates that the function of

postsynaptic membrane receptors of inhibitory interneurons had

changed. Our results are consistent with previous findings. In the

ACC, PNNs particularly enwrap PV+ inhibitory interneurons,

acting as protective barriers. We considered that the reduced

abundance of PNNs in the ACC area exposed inhibitory interneu-

rons, and led to their disruption. Hyperalgesia is the adverse

consequence of this exposure. PV+ neurons are a type of inhib-

itory GABAergic interneuron, widely distributed in the whole

pathway for pain transmission from the peripheral nociceptive
8 iScience 27, 111274, December 20, 2024
terminals to the central nervous sys-

tem.39,40 Researchers have reported that

SNI increased levels of Piezo1 protein in

PV+ interneurons in the bilateral ACC.

In addition, they observed a decrease in

the number of PV+ interneurons in the

SNI chronic pain model. Combined with

the encapsulation of Piezo1-positive neu-

rons by Iba1 microglia, this study indi-

cates that the loss of PV+ interneurons

after SNI might be due to microglial

phagocytosis.41 Our results also uncov-

ered a significant decline in the number

of PV+ neurons in the TransSNI group,

with microglia enwrapping the PV+ neu-

rons. We believe that the loss of PV+ neu-

rons in the TransSNI mice might be due to

the phagocytic action of microglial cells,

which led to changes in the function

of postsynaptic membrane receptors

of inhibitory interneurons and caused

hyperalgesia.

Limitations of the study
In addition to the ACC region, PNNs also

exist in other brain regions of the central

nervous system, such as somatosensory
cortex and hippocampal region. In the present study, we

focused on the ACC region, which plays an important role in hy-

peralgesia. Further studies will be performed to examine the

function of PNNs in other brain regions. Furthermore, we only

studied the role of LPC and PNNs in hyperalgesia of male

mice. We will elucidate the precise mechanism of LPC and

PNNs in hyperalgesia of female mice in a further study and pro-

vide potential treatment strategies for hyperalgesia.

Conclusions
Our study revealed a mechanism whereby visceral adipose tis-

sue is involved in hyperalgesia. LPC was enriched in the eWAT

from SNI mice, which increased the levels of LPC in the plasma

and ACC region. The LPC activated microglia via the TRPV1/

CamkII pathway. The disruption of PNNs around PV+ neurons

in ACC promoted hyperalgesia, and the loss of PNNs and PV+ in-

terneurons might be due to microglial phagocytosis. These find-

ings elucidate the mechanism of hyperalgesia from the perspec-

tive of lipid metabolite LPC and PNNs, and provide potential

treatment strategies for hyperalgesia.



Figure 8. Inhibitory interneurons had

abnormal discharge in TransSNI mice

(A) Recorded the firing rates of inhibitory in-

terneurons in the ACC region with a patch-clamp.

(B) The amplitude and frequency of mIPSCs in

TransSNI/Sham mice, *p ＜ 0.05, n = 8. Data are

represented as mean ± SEM.
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Figure 9. Disruption of PNNs around PV+ neu-

rons promoted hyperalgesia

(A) Representative images of double labeling PV+ and

PNNs using a virtual slide microscope in the recipient

mice, *p＜ 0.05, **p＜ 0.01, scale bar, 100 mm, scale

bar, 20 mm, n = 6.

(B) Representative images of double labeling PV+ and

Iba1 utilizing virtual slide microscope in the recipient

mice, **p ＜ 0.01, scale bar, 50 mm, scale bar, 20 mm,

n = 6. High-magnification representative images of

double labeling PV+ and Iba1 using confocal micro-

scope in the TransSNI mice, scale bar, 25 mm. Data are

represented as mean ± SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Wisteria Floribunda Lectin Vector Laboratories Cat# FL-1351-2; RRID: AB_2336875

Goat polyclonal Anti-Iba1 Abcam Cat#ab5076;

Rabbit monoclonal Anti-TRPV1 Abcam Cat#ab305299;

Rabbit monoclonal Anti-Paralbumin Cell Signaling Technology Cat#80561;

Rabbit monoclonal Anti-AIF1/IBA1 Abclonal Cat#A19776;

Rabbit monoclonal Anti-GAPDH Abclonal Cat#A19056; RRID: AB_2862549

Rabbit polyclonal Anti-CaMKII-a Cell Signaling Technology Cat# 3357S; RRID: AB_2070308

Rabbit monoclonal Anti-Phospho-CaMKII (Thr286) Cell Signaling Technology Cat# 12716; RRID: AB_2713889

Chemicals, peptides, and recombinant proteins

Varespladib (LY315920) MedChemExpress Cat#HY-13402; CAS: 172732-68-2

A-784168 MedChemExpress Cat# HY-108460; CAS:824982-41-4

KN-93 MedChemExpress Cat#HY-15465; CAS: 139298-40-1

Chondroitin ABC Lyase Sigma-Aldrich Cat#C3667; CAS: 9024-13-9

Tetrodotoxin CATO Reserch Chemicals Inc. Cat#CCHM700902; CAS: 4368-28-9

AP-5 Sigma-Aldrich Cat#A5282; CAS:76326-31-3

CNQX aladdin Cat#C131944; CAS:115066-14-3

Critical commercial assays

LPC (Lysophosphatidyl choline) ELISA Kit ElK Biotechnology ELK8145

Deposited data

Raw data of non-targeted metabolomic analysis This paper https://ngdc.cncb.ac.cn/omix:

accession no. OMIX007437

Experimental models: Organisms/strains

Mouse:C57BL/6 male Beijing Vital River Laboratory

Animal Technology Co., Ltd

RRID:MGI:2159769

Software and algorithms

GraphPad Prism 8 GraphPad Software https://www.graphpad.com

SPSS 27.0 IBM https://www.ibm.com
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Male C57BL/6J mice, aged 8–10 weeks, were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd., (Bei-

jing, China). They were housed under standard conditions (room temperature: 22 ± 1�C; relative humidity: 55 ± 5%) and on a 12/12 h

light/dark cycle. Animals were randomly assigned to different groups in all experiments. Sample sizes were determined based on

similar previous studies in the field. The protocol of all experiments was approved by the Animal Care and Use Committee of Tongji

Hospital, and Tongji Medical College approved the current study (no. TJH-20230313).

METHOD DETAILS

Spared nerve injury (SNI)
Mice were deeply anesthetized with isoflurane, placed on an operating table, and subjected to spared nerve injury (SNI) or sham sur-

geries on the left hind leg. SNI surgery was performed according to the method previously described.42 Briefly, an incision wasmade

in the skin on the lateral surface of the left thigh, the sciatic

nerve was then exposed after sectioning through the biceps femoris muscle. The sciatic nerve had three terminal branches, the

common peroneal and tibial nerves were next tightly ligated with 7–0 silk suture, and 2–3 mm of the nerves distal to the ligation

were cut while leaving the sural branch intact. The muscle and skin were closed in separate layers. As for sham surgeries, mice

were subjected to exposure of the sciatic nerve and its branches, without any lesions.
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Epididymal white adipose tissue transplantation
Fat transplantation was performed as previously described.4,43 Briefly, epididymal white adipose tissue was isolated from SNI or

sham donor mice, and a total of 0.8 g of the donor eWAT was implanted into each recipient mouse. A total of 0.8 g eWAT was

cut into approximately 0.1g slices and kept in sterile saline before transplantation. The time of one mouse model of adipose trans-

plantation was about 3 min. The recipient mice were anesthetized with isoflurane, dorsal hair was shaved, the donor fat slices were

implanted, and incisions were closedwith absorbable sutures. The non-transplantedmicewere subjected to exposure of the dorsum

with a single cut. During the two weeks after transplantation, recipient mice and sham-operated control mice performed the behav-

ioral test. On day 14 after transplantation, tissues were taken after behavioral tests for follow-up experiments.

Behavioral test
All experiments were conducted between 9 a.m. and 12 a.m. The von Frey test was used to evaluate the mechanical withdrawal

threshold. The mice were placed in custom-made Plexiglas cubicles (8 3 83 6cm) on a metal mesh floor which allowed full access

to the paws. Next, the mice were habituated for at least 1 h before the test. The up-down method of Dixon44 was used to estimate

50% withdrawal thresholds using calibrated von Frey nylon monofilaments (Stoelting Touch Test). Filaments were applied to the

plantar surface of the hind paw for 3 s and responses were recorded. To assess the thermal withdrawal latency, animals were placed

in custom-made Plexiglas cubicles (83 83 6cm) on a glass plate. After the experimental mice became accustomed to the test envi-

ronment for at least 1 h before testing, thermal radiation (BME-410C Full-automatic Plantar Analgesia Tester; Tianjin, China) was

applied to the glass plate in order to heat the plantar of the operated hind paws. The response times until mice moved their paws

were recorded. The threshold latencies for each mouse were tested three times and averaged, and each time point was separated

by at least 30 min. The longest cut-off latency was set at 30 s to avoid paw injuries.45

Non-targeted metabolomic analysis
The eWAT from SNI or sham donor mice were collected. The non-targeted metabolomic analysis was performed by OE Biotech Co.

Ltd. Briefly, the 30 mg of total protein from individual samples was prepared. ACQUITY UPLC I-Class system (Waters Corporation，
Milford, USA) coupled with VION IMS QTOF Mass spectrometer (Waters Corporation，Milford, USA) was used to analyze the meta-

bolic profiling in both ESI positive and ESI negative ion modes. An ACQUITY UPLC BEH C18 column (1.7mm, 2.1 3 100 mm) were

employed in both positive and negative modes. The original LC-MS data were processed using software Progenesis QI V2.3

(Nonlinear, Dynamics, Newcastle, UK) for baseline filtering, peak identification, integral, retention time correction, peak alignment,

and normalization. A two-tailed Student’s T-test was further used to verify whether the different metabolites between groups

were significant. Differential metabolites were selected with VIP values greater than 1.0 and p-values less than 0.05.

Immunohistochemistry
Mice were deeply anesthetized with sodium pentobarbital and perfused intracardially with PBS followed by 0.1M phosphate buffer

(4%paraformaldehyde, PFA, pH 7.4). For brain sections,mouse brainswere fixed in 4%PFA for 24 h, followed by soaking in 15%and

30% sucrose solution for dehydration. The brains were then cut into coronal sections at 30 mm thickness by a CryoStar NX50 (Thermo

Scientific, Rockford, IL, USA). For immunofluorescence staining, tissue sections were blocked in 10% normal donkey/goat serum

(NGS/NDS) with 0.3% Triton X-100 in PBS for 1 h before incubation with primary antibodies at 4�C overnight. For perineuronal

nets staining, Wisteria Floribunda Lectin ([1:400], Vector Laboratories FL-1351-2) was utilized. We used Iba-1 ([1:100], ABclonal

A19776), Wisteria Floribunda Lectin ([1:400], Vector Laboratories FL-1351-2) for microglial engulfment staining and for double-

labeled immunofluorescence Iba-1 ([1:1000], Abcam ab5076), TRPV1([1:500], Abcam ab305299), Paralbumin ([1:1000], CST

80561). Then, after 3 washes, the sections were incubated with appropriate fluorescent secondary antibodies for 2 h at room tem-

perature. Secondary antibodies 1:400 Donkey anti-goat Alexa Fluor 647 [Jackson, AB2340437] 1：400 Goat anti-rabbit Alexa Fluor

CY3[Jackson, AB2338006], 1：400 Donkey anti-rabbit Alexa Fluor CY3[Jackson, AB2307443]，Donkey anti-rabbit Alexa Fluor 488

[Jackson, AB2313584], 1：400 Donkey anti-mouse Alexa Fluor CY3[Jackson, AB2340813], were applied. Tissue was stained with

DAPI [Beyotime, C1005] before image capture using a Leica TCS SP8 confocal microscope or Olympus VS120 Virtual Slide

Microscope.

Elisa test
Brain tissue and serum were collected from experimental mice and kept at �80�C. According to the manufacturer’s instructions, a

commercial ELISA kit (ElK Biotechnology) was employed to quantitatively estimate the levels of lysophosphatidylcholine.

Western blot analysis
After mice completed the behavioral pain tests, the anterior cingulate cortex was removed. Protein was extracted from tissues using

RIPA lysis buffer (Thermo Scientific, Rockford, IL, USA) supplemented with protease and phosphatase inhibitors, and the protein

concentration was quantified using a BCA protein assay kit (Thermo Scientific). Then, 30 mg of protein lysates was loaded into

SDS/PAGE gels, followed by the transfer to polyvinylidene difluoride (PVDF) membranes (Millipore). The membranes were probed

with various primary antibodies after blocking with 5% nonfat milk for 1h. The following primary antibodies were used: GAPDH

([1:10000], ABclonal A19056) Phospho-CaMKII (Thr286) (D21E4) ([1:1000], CST 12716T), CaMKII-a Antibody ([1:1000],
e2 iScience 27, 111274, December 20, 2024
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CST3357S), TRPV1([1:500], Abcam ab305299). The membrane was incubated overnight at 4�C with primary antibodies. After the

blots were washed three times, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary anti-

bodies and visualized using an ECL Western blotting Detection Kit (Thermo Scientific). For quantification, the densities of protein

bands were digitized using the ChemiDoc MP Imaging System. Protein levels were analyzed ImageJ analysis software.

In vivo pharmacological studies
To study the effect of LPC in hyperalgesia, we utilized the phospholipase A2 inhibitor varespladib (MedChemExpress, Monmouth

junction, NJ, USA, HY-13402). Mice were gavaged with the varespladib (10mg/kg per day) from day 9 to day 12 after transplantion.46

The varespladib powder was prepared according to the manufacturer’s instructions. We used the following cosolvents in 10%

DMSO+40% PEG300 + 5% Tween-80 + 45% Saline to dilute before the experiment. The TransSham group were given the

same diluent without pharmaceutical. To verify the effect of TRPV1, we administered its inhibitor A-784168 (1 mg/kg/d)

(MedChemExpress, Monmouth junction, NJ, USA HY-108460) through intraperitoneal injection for four consecutive days from

day 9 to day 12 after transplantation.47 The CamkII inhibitor KN-93 (MedChemExpress, Monmouth junction, NJ, USA, HY-15465)

was then given through intraperitoneal injection (3 mg/kg/d) for four consecutive days from day 9 to day 12 after transplantation.48

The dose regimen was followed based on previous reports.

ACC injection
We administered protease-free chABC (Sigma-Aldrich) to degrade the PNNs in the ACC. ChABC was dissolved to 50 U/ml in PBS

containing 0.1%BSA and filtered through a 0.2 mm filter.35 The mice were anesthetized using isoflurane, and a small hole was drilled

in the skull (AP, 0.38 mm; ML, 0.5 mm; DV, �1.85 mm; stereotactic coordinates corresponding to the mouse brain atlas). Then, the

mice were injected with chABC (0.5ul each at 0.1ul/min) using a 1mL Hamilton syringe. Control mice were infused with vehicle (PBS

containing 0.1% BSA).

Electrophysiology recording
The whole-cell recordings were performed in vitro from the ACC region neurons, aimed to examine the changes in inhibitory inter-

neurons. We immersed the brain into the cold oxygenated cutting solution after anesthesia and then sliced it into 300 mm sections

using the vibratome (VT1200S; Leica, Germany). The individual slice was incubated for at least 1 h at 30�C in oxygenated artificial

cerebrospinal fluid (ACSF), then placed in the submersion-recording chamber, and perfused with ACSF (2 mL/min). The ACSF

was made utilizing (in mM): 125.0 NaCl, 1.2 NaH2PO4, 26.0 NaHCO3, 5.0 KCl, 2.6 CaCl2, 1.3 MgCl2, and 10.0 glucose. Each slice

only recorded one neuron. Data acquisition and analysis of the electrical signals were performed with the Axonpatch 700B Amplifier

(Molecular Devices, USA), the Digidata 1500B Digital Converter (Molecular Devices, USA), and the pClamp 10 software (Molecular

Devices, USA). Inhibitory interneurons in the ACC region were identified by accommodating responses to a sustained depolarizing

intracellular current stimulation, fast-spiking neurons (firing rate >10 Hz) with shorter duration waveforms believed to correspond to

the inhibitory interneurons.49 The WPI recording pipettes (4–7 MU, USA) were filled with the pipette solution containing (in mM), 100

KCl, 40HEPES, 0.2 EGTA, 5MgCl2, 2.0Mg-ATP, 0.3 Na3-GTP, 10 phosphocreatine (pH 7.30 and 300mOsm/kg). Theminiature inhib-

itory postsynaptic currents (mIPSCs) were pharmacologically isolated using CNQX (10mM), AP-5 (100mM), and TTX (1 mM), and re-

corded at � 70 mV. For analysis, we recorded a fixed 5-min length of traces.

QUANTIFICATION AND STATISTICAL ANALYSIS

All results were expressed as mean ± standard error of the mean (SEM). Statistical differences between groups were analyzed by

either one-way ANOVA followed by Tukey’s post-hoc comparison, two-way ANOVA followed by Sidak’s post-hoc comparison,

the Mann-Whitney U test or unpaired Student’s t test, using SPSS 27.0 software (IBM) and Statistical GraphPad Prism 8 software

(La Jolla, USA). Sample size (n) is listed in each figure legend. Differences were considered statistically significant when p < 0.05.

All the detailed statistical information relative to the figures are in the Table S1.
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