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Abstract: Pain is a main symptom in inflammation, and
inflammation induces pain via inflammatorymediators acting
on nociceptive neurons. Macrophages and microglia are
distinct cell types, representing immune cells and glial cells,
respectively, but they share similar roles in pain regulation.
Macrophages are key regulators of inflammation and pain.
Macrophage polarization plays different roles in inducing and
resolving pain. Notably, macrophage polarization and phago-
cytosis can be induced by specialized pro-resolutionmediators
(SPMs). SPMs also potently inhibit inflammatory and neuro-
pathic pain via immunomodulation and neuromodulation. In
this review, we discuss macrophage signaling involved in pain
induction and resolution, as well as in maintaining physio-
logical pain. Microglia are macrophage-like cells in the central
nervous system (CNS) and drive neuroinflammation and
pathological pain in various inflammatory and neurological
disorders. Microglia-produced inflammatory cytokines can
potently regulate excitatory and inhibitory synaptic trans-
mission as neuromodulators.We also highlight sex differences
in macrophage and microglial signaling in inflammatory and
neuropathic pain. Thus, targeting macrophage and microglial
signaling in distinct locations via pharmacological approaches,

including immunotherapies, and non-pharmacological ap-
proaches will help to control chronic inflammation and
chronic pain.
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Introduction

Inflammation is a critical process in biological host defense
against infection and injury and enables host survival,
although it comes at the cost of a transient functional loss or
disturbance in the affected tissue [1]. The inflammatory
process involves the recruitment of various immune cells,
including neutrophils, macrophages, and lymphocytes, to
the site of injury or infection. These immune cells release
chemical mediators such as cytokines, chemokines, and
prostaglandins, which regulate the inflammatory responses
and activate and sensitize nearby sensory nerves (nocicep-
tive fibers/nociceptors) to cause pain. Pain is one of the five
main symptoms of inflammation, which also includes
edema, warmth, redness, and loss of function [2]. We con-
ducted a PubMed search for key words “inflammation and
pain” on July 15, 2023, which resulted in 47,675 publications.
We observed a trend of increase in the related publications
in the past decade from 2013 to 2023 (Figure 1A). We also
included the top 10 papers with the best match (Figure 1B).

Acute pain acts as a protective mechanism that helps
animals and humans detect and avoid dangerous or poten-
tially dangerous stimuli [13]. In contrast, chronic pain is a
pathological conditionwith no such benefit. Pain is triggered
by the activation of a subset of primary sensory neurons
called nociceptors. Nociceptors are a diverse group of neu-
rons that can be characterized by factors such as their
myelination level, soma size, electrophysiological proper-
ties, and molecular markers [14–18]. Primary nociceptors
have cell bodies in the dorsal root ganglia (DRG) and tri-
geminal ganglia (TG) and send sensory projections to various
peripheral tissues like the skin, muscles, joints, and internal
organs. The peripheral axons and nervefibers of nociceptors
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interact with non-neuronal cells (e.g., keratinocytes and
unmyelinated Schwann cells) [19–24], and resident immune
cells such as macrophages, mast cells, and dendritic
cells [25–29].

The immune system and nervous system are critical to
and corporate with each other during the host defense and
nociceptive responses [30–32]. This neuro-immune inter-
action involves multiple pathways and cell types, including
neurons, glial cells, immune cells, and other non-neuronal
cells [25]. Macrophages are themost studied immune cells in
pain research, and a PubMed search for “Macrophages and
pain” on July 15 of 2023 resulted in 5,153 citations (Figure 2A
and B). Macrophages originate from hematopoietic myeloid
progenitors in the bone marrow. These immune cells can
infiltrate peripheral tissues such as skin, joint, nerve, and
DRG tissue, as well as spinal cord tissue after peripheral
tissue injuries including nerve injury. Macrophages can
release cytokines and chemokines to directly activate nerve

fibers. They release additional inflammatory mediators
such as ROS, causing nerve damage that contributes to
chronic pain. The interaction between the nervous system
and the immune system is bidirectional, with each system
influencing the other. This complex interplay is critical for
the development and maintenance of pain sensitiza-
tion [25]. Targeting this neuro-immune interactionmay be a
promising approach for the development of new pain
treatments.

Microglia are the resident immune cells of the central
nervous system (CNS), including the brain and spinal cord.
They originate from yolk sac progenitor cells during early
embryonic development andmigrate to the CNS, where they
differentiate into microglia. Unlike macrophages, which
continuously differentiate from bone marrow-derived pre-
cursors, microglia have a unique developmental origin,
which contributes to their specialized functions within the
CNS. Importantly, microglia interact with the central axons

Figure 1: PubMed search for “inflammation and pain”, conducted on July 15, 2023. (A) Distribution of the related papers in the past 10 years (2013–2023).
This search shows a total of 47,675 publications. (B) Top 10matches: 1) Harth and Neilson [3]; 2) Ji et al. [4]; 3) Ji et al. [5]; 4) Sommer et al. [6]; 5) Bjørklund
et al. [7]; 6) McDonald et al. [8]; 7) Zhang et al. [9]; 8) Ma et al. [10]; 9) Arango-Dávila et al. [11]; 10) Santoni et al. [12].
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and terminals of nociceptors as well as postsynaptic neurons
in the spinal cord and brainstem [41]. Accumulating evi-
dence suggests that microglia have both detrimental and
beneficial roles in pain [42]. Microglia play an important role
in inducing and maintaining neuroinflammation in the CNS,
driving chronic pain and its comorbidities (e.g., depression,
anxiety, and cognitive decline) [4, 5, 43, 44]. In this review
article, we will discuss the role of macrophages and micro-
glia in inflammation, neuroinflammation, and pain with
special focus on neuro-immune crosstalk.

Role of macrophages in
inflammation and pain

Macrophages are a type of immune cell that play a key role
in the body’s defense against pathogens and foreign sub-
stances. As an important part of the innate immune system,

macrophages are found in almost all tissues throughout the
body. Macrophages are derived from monocytes, which
make up 2 %–8 % of white blood cells and circulate in the
bloodstream. Macrophages are classified according to their
location or by their phenotype and function. Resident
macrophages are found in different tissues including DRG
and bone. For example, osteoclasts are resident macro-
phages in bone tissue and contribute to bone cancer
pain [45, 46]. In response to invading pathogens and tissue
injury, the infiltrating macrophages migrate and infiltrate
into the damaged tissue and co-ordinate with the tissue-
resident macrophages to regulate inflammatory responses.
Macrophages have three major roles during host-defense:
phagocytosis, cytokine production and antigen presenta-
tion. Macrophages recognize foreign invaders through
their surface receptors, such as toll-like receptor (TLRs).
Polarized macrophages have different functional states
in which different cytokines are involved. For example,
M1-like macrophages can intensify pain through the

Figure 2: PubMed search for “macrophages and pain”, conducted on July 15, 2023. (A) Distribution of the related papers in the past 10 years (2013–2023).
This search results in a total of 5,153 publications. (B) Top 10matches. 1) Bang et al. [33]; 2) Ji et al. [25]; 3) Baral et al. [34]; 4) McDonald et al. [8]; 5) Fattori
et al. [35]; 6) Chen et al. [36]; 7) Zhang et al. [37]; 8) Domoto et al. [38]; 9) Wu et al. [39]; 10) Grubišić et al. [40].
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release of pro-inflammatory cytokines and chemokines.
M2-like macrophages can reduce pain and repair damaged
tissue through the release of anti-inflammatory cytokines
and growth factors. For antigen presenting, macrophages
are particularly effective at presenting antigens to T cells
due to their high expression of MHC class II molecules and
their ability to secrete cytokines and other immune-
modulatory molecules that can activate and regulate
T cell responses. Additionally, macrophages can interact
with other immune cells, such as dendritic cells and B cells,
to coordinate and regulate the immune response during the
inflammation [2].

Primary sensory neurons express various molecular
sensors such as transient receptor potential channels (e.g.,
TRPA1, TRPV1), Piezo channels (e.g., Piezo 1), voltage-gated
sodium channels (e.g., Nav1.7–1.9), G-protein coupled
receptors (GPCRs), and TLRs. These sensors can detect
physical stimuli, cytokines and chemokines, and danger
signals [47–51]. Emerging studies have demonstrated that
there is a bidirectional interaction between primary sen-
sory neurons and macrophages. Not only do macrophages
secrete cytokines to act on neurons, they also receive
“messages” (e.g., neuropeptides and chemokines) from pri-
mary afferents. Macrophages play a chief role in the path-
ogenesis of pain and can both induce and relieve pain via
distinct inflammatory mediators [36].

Induction of pain by macrophages

Upon stimulation after tissue injury or infection, macro-
phages produce and secrete inflammatory cytokines, growth
factors, and lipids which directly stimulate nociceptors ter-
minals and generate pain (Figure 3). Substance P exerts a
significant impact on macrophages and can be synthesized
when nociceptors, particularly C-fibers, are activated. Sub-
stance P stimulates the production of proinflammatory cy-
tokines like TNF-α, IL-1β, and IL-6 by activating the ERK-p38
MAPK-mediated NF-κB pathway through NK-1 on the cell
surface. However, emerging evidence suggests that sub-
stance P also promotes M2-like macrophages for tissue
repair after brain injury [36, 52]. In particular, the accumu-
lation of IL-1β-expressing macrophages is a crucial factor in
the pathogenesis of pain. Prostaglandin E2 (PGE2), which
enhances inflammatory pain, can activate neuronal EP1-EP4
receptors. Furthermore, PGE2 can stimulate the NF-κB
pathway via PKA and PKC in DRG neurons, resulting in
persistent hyperalgesia [53, 54]. ROS generated by macro-
phages can also activate TRPA1 in nociceptors, inducing
pain. Additionally, complement fragment C5a can induce
thermal hyperalgesia by cooperating with nerve growth

factor (NGF) and TRPV1 [55, 56]. It was also found that
elevated serum IL-20 levels are associated with severe sen-
sory pain in cancer patients after paclitaxel treatment, and
moreover, blocking IL-20 with a neutralizing antibody pre-
vented the development of CIPN and dampened inflamma-
tory responses, including macrophage infiltration and
cytokine expression in mouse DRG [57].

Not only do nociceptors “listen to” macrophages via cy-
tokines, they also “talk to”macrophages via signal molecules
such as neuropeptides and chemokines. C-C motif chemokine
ligand 2 (CCL2), also known as monocyte chemoattractant
protein 1 (MCP1), is a pro-inflammatory chemokine produced
by monocytic cells, including macrophages. Nerve injury was
shown to upregulate CCL2 levels in DRG neurons, which in
turn promotes peripheral sensitization by activation of CCR2
receptors in nociceptive neurons [58, 66]. Furthermore, CCL2
release from the central terminals of nociceptors can directly
modulate synaptic plasticity in postsynaptic neurons that
express CCR2 [69]. Subsequently, after chemotherapy treat-
ment, CCL2 can be produced by nociceptors and can regulate
peripheral macrophage activation in DRG, ultimately leading
to neuropathic pain [66]. This process is initiated by the acti-
vation of TLR signaling through the myeloid differentiation
factor 88 (MyD88) pathway in nociceptors [67, 70].

Aside from cytokines, chemokines, and neuropeptides,
microRNAs (miRNA) also play a role inmediating interactions
between macrophages and nociceptors. MiRNAs are small
single-stranded non-coding functional RNAs and function in
RNA silencing and regulation of protein expression. Since
miRNAs can be secreted extracellularly in painful disease
conditions, extracellular miRNAs can stimulate intracellular
communication and produce physiological effects [71, 72].
Specifically, the release of miR-21-5p by nociceptors can
regulate gene expression in macrophages, promoting a pro-
inflammatory phenotype that can contribute to the develop-
ment of neuropathic pain through TGF-β signaling [73, 74].

Resolution of pain by macrophages

Accumulating evidence also points to an active role of
macrophage in the resolution of pain after inflammation and
infection [33, 75] (Figure 4). Macrophage polarization has been
strongly implicated in inflammatory disease modulation [76].
M1-like macrophages are pro-inflammatory and produce pro-
inflammatory cytokines, such as IL-1β and TNF-α, which pro-
mote pain. In contrast, M2-like macrophages are immuno-
suppressive and secrete anti-inflammatory cytokines (IL-10,
TGF-β1), and neuropeptide (CGRP) to promote tissue repair
and facilitate resolution of pain [36, 77]. Notably, macrophages
could have various phenotypes and polarization states, in
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Figure 3: Macrophages and induction of pain. (A) In macrophages, activation of TLRs (e.g., TLR4 and TLR9) by PAMPs and DAMPs [50] increases the
synthesis and release of inflammatory cytokines and chemokines (TNF, IL-1β, IL-17, CCL2, CXCL1) and lipid mediators (e.g., PGE2) via MyD88 and NF-κB
pathways. PAMP and DAMP can be induced by bacterial and viral infections, tissues injury, or chemotherapy (e.g., paclitaxel). These inflammatory
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addition to M1 and M2 like states [78]. Macrophages also pro-
duce specialized pro-resolvingmediators (SPMs) derived from
omega-3 unsaturated fatty acids, such as docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) for the resolution of
inflammation and pain [79–82]. For example, macrophage
proresolving mediator maresin 1 (MaR1) was found to stimu-
late macrophage phagocytosis, tissue regeneration, and con-
trol inflammatory and neuropathic pain [79, 83–85].

Calcitonin gene-related peptide (CGRP), which has two
isoforms, α-CGRP and β-CGRP, is a neuropeptide that can be
produced by nociceptors. CGRP exhibits anti-inflammatory
properties by reducing cytokine synthesis, lowering ROS
production levels and enhancing IL-10 levels in myeloid
cells. In macrophages, CGRP interacts with a receptor com-
plex composed of the G-protein coupled receptors calcitonin
receptor-like receptor (CALCRL) and receptor activity-
modifying protein 1 (RAMP1). A deficiency in the RAMP1
component of the CGRP receptor leads to diminished
immunosuppression due to decreased IL-10 levels [36, 89].

Macrophages express the orphan receptor GPR37, which
is activated by neuroprotectin D1 (NPD1), a SPM derived from
DHA omega-3 unsaturated fatty acids. GPR37 activation in
macrophages contributes to resolving inflammatory pain and
infection-induced pain through phagocytosis of apoptotic
neutrophils and macrophage polarization [37]. GPR37 regu-
latesmacrophage polarization and promoteM2 phenotype by
upregulation of anti-inflammatory cytokines (IL-10 and TGF-
β) and downregulation of proinflammatory cytokines (such as
IL-1β, TNF-α) inmacrophages [33]. Loss of GPR37was found to
prolong inflammatory pain and infection-induced pain in
knockout mice [33, 75]. Artisunate, an anti-malaria drug, also
serves as a GPR37 agonist that can promote macrophage
phagocytosis and protect against sepsis and infection-induced
pain [75]. Activation of the G-protein-coupled receptor kinase
2 (GRK2) in LysM (+) myeloid cells was also shown to induce
the secretion of IL-10 and regulate inflammatory pain reso-
lution. Loss of GRK2 in myeloid cells resulted in decreased
macrophage IL-10 production and enhanced IL-1β-induced
inflammatory hyperalgesia duration, which can be rescued

via the adoption of wild-type bone marrow-derived mono-
cytes [90]. Regular swim exercise has been shown to prevent
persistent muscle hyperalgesia in rodents by activation of
PPARγ receptors and modulation of macrophages pheno-
types, leading to increased anti-inflammatory responses in
the muscle tissue [91].

Recent findings of novel signaling
mechanisms of macrophages in pain
modulation

Recent studies also revealed novel signaling of macrophages
in regulating pain resolution and homeostasis (Figure 5A–C).
van der Vlist et al. found that M2-like macrophages infiltrate
and accumulate in the DRG during the resolution phase of
inflammatory pain in mice. Interestingly, these M2-like
macrophages can transfer mitochondria to sensory neurons
to alleviate inflammatory pain [92]. The CD200R (CD200R)
receptor is located onmacrophages, while the non-canonical
CD200R-ligand iSec1 is located on sensory neurons. Both of
these receptors are necessary for mitochondrial transfer
and pain resolution (Figure 5A).

Tanaka et al. showed that dermal macrophages set pain
sensitivity by modulating the amount of tissue nerve growth
factor (NGF) through sorting nexin (SNX)25 in dermal mac-
rophages (SNX25) (Figure 5B) [93]. NGF is a critical regulator
of nociceptor gene expression and drives inflammatory
pain via regulation of the expression and function of
TRPV1 [95–98] and sodium channels. Expression of SNX25 in
dermal macrophages enhances expression of NGF through
the inhibition of ubiquitin-mediated degradation of Nrf2, a
transcription factor that activates transcription of NGF.
Conditional deletion of SNX25 in monocytes and macro-
phages, but not in peripheral sensory neurons reduced pain
responses in both normal and neuropathic conditions in
conditional knockout mice [93].

Pinho-Ribeiro et al. revealed a meningeal neuroimmune
axis by which bacteria activate trigeminal nociceptors to

mediators act on their respective receptors (e.g., cytokine/chemokine receptors and EP1-EP4 receptors for PGE2) that are expressed on nociceptors [53,
54, 58, 59], leading to the receptor-mediated signaling transduction through phosphorylation of MAPKs (p-p38 and p-ERK) and activation of protein
kinase A (PKA) [5, 60, 61]. Upon activation, these kinases then enhance the activities of ion channels (e.g., TRPA1/TRPV1 and voltage-gated sodium
channels NaV1.7, NaV1.8 and NaV1.9) via posttranslational modulations, leading to increased sensitivity and excitability of nociceptors (peripheral
sensitization) and increased pain sensitivity [62–64]. Bacteria is also known to produce pain via specific receptors and ion channels expressed by
nociceptors [65]. Furthermore, activation of TRPA1/V1 in nociceptors releases substance P, which binds NK1 receptor on macrophages to release of TNF
and IL-1β. In addition, nociceptor neurons express TLRs (e.g., TLR4 and TLR7), and activation of nociceptor TLRs by PAMP and DAMP (e.g., bacteria) can
elicit pain. PAMP and DAMP can be indirectly generated by induction of chemotherapy. (B) After nerve injury and chemotherapy, nociceptor neurons
produce CCL2 via activation of TLRs, MyD88 and NF-κB. CCL2 activates macrophages via CCR2 and induce macrophage infiltration in the DRG and nerve
tissues [66–68]. CCL2, chemokine ligand 2; CCR2, chemokine ligand 2 receptor; DAMP, damage-associatedmolecular patternmolecules; MAPK,mitogen-
activated protein kinase; PAMP, pathogen-associated molecular pattern molecules; TLRs, toll-like receptors. Reproduced from Chen et al. [36] with CCC
permission.
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Figure 4: Macrophages and resolution of pain. (A) Regulation of pain resolution viamacrophage-nociceptor interactions.Macrophages express GPR37, a
newly identified SPM receptor. Activation of macrophage GPR37 by NPD1 promotes phenotypic switch from M1-like macrophages to M2-like macro-
phages, which contribute to the resolution of inflammation and pain via increased release of IL-10 and TGF-β anddecreased release of IL-1β and TNF. IL-10
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and TGF-β can act on their respective receptors on nociceptors to inhibit peripheral sensitization [86, 87]. Activation of GPR37 also induces phagocytosis of
pathogens (e.g., zymosan) and apoptotic neutrophils, which is a critical step for the resolution of inflammation and pain. IL-10 production inmacrophages
is also regulated by GRK2 [88], but the connection between GPR37 and GRK2 is still unknown. In addition, CGRP released from nociceptor neurons can
regulate the anti-inflammatory function via its receptor complex CALCRL-RAMP1 on macrophages to enhance the expression of IL-10. CALCRL, calcitonin
receptor-like receptor; NPD1, neuroprotectin D1; RAMP1, receptor activity-modifying protein 1; SPM, specialized pro-resolving mediator. Reproduced
from Ref. [36] with permission. (B) Neuroprotectin D1/protectin D1 (NPD1/PD1), a SPM derived from DHA, induces phagocytosis of zymosan particles of
peritoneal macrophages via GPR37. Note that NPD1-induced phagocytosis is diminished in macrophages from Gpr37 knockout mice. Reproduced from
Chen et al. [36] with CCC permission.

Figure 5: New mechanisms of macrophage signaling in pain regulation. (A) Macrophage mitochondria transfer to neurons in DRG contributes to the
resolution of inflammatory pain [92]. (B) Dermal macrophages set pain sensitivity in the physiological conditions by controlling the amount NGF in the
skin [93]. (C) Meningeal macrophages protect infection and pain via CGRP signaling. This protective mechanism is hijacked by bacteria, leading to
meningitis and headache [94].
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facilitate brain invasion and induce meningitis via
CGRP-mediated inhibition of macrophage activation [94]
(Figure 5C). It is well known that the meninges are densely
innervated by nociceptive sensory neurons that can trigger
trigeminal pain (headache and migraine) [99]. Bacterial in-
fections by Streptococcus pneumoniae and Streptococcus aga-
lactiae. S. cause life-threatening meningitis. Strikingly, these
bacteria can directly activate nociceptors through their pore-
forming toxin pneumolysin, leading to the release of CGRP.
Furthermore, meningeal macrophages express CGRP receptor
RAMP1 and activation of RAMP1 by CGRP can suppress mac-
rophage’s inflammatory response (chemokine expression,
neutrophil recruitment and antimicrobial defense) [94].

Guimaraes et al. demonstrated that nerve injury induced
neuron-associated macrophage proliferation in DRG, which
requires CX3CR1 signaling [100]. CX3CR1 in macrophages/
monocytes was previously implied in the development of
neuropathic pain [101]. Interestingly, the team found that
nerve injury-induced increase in macrophage abundance is
caused by the proliferation of resident CX3CR1+macrophages
but not the infiltration of peripheral monocytes from the
circulation. Furthermore, this proliferation of resident mac-
rophages contributes to the development of neuropathic pain
in rodents by producing TNF and IL-1β [100].

Notably, most tissues and organs host their own resident
macrophages, which have adapted to the local conditions to
play tissue-specific roles in maintaining homeostasis [102].
These resident macrophages include Alveolar macrophages
(lung), Kupffer cells (liver), perivascularmacrophages (brain),
and osteoclasts (bone), as well as dermal macrophages, peri-
toneal macrophages, and DRG macrophages. Osteoclasts are
responsible for bone resorption. These multinucleated and
giant cells are formed by fusion of osteoclast precursors
following the activation of macrophage colony-stimulating
factor (M-CSF, also known as CSF-1) and RANKL (receptor
activator of NF‐κB ligand). Osteoclasts play a critical role in
cancer-induced bone pain via secreting pronociceptive me-
diators such as H+, proteases (cathepsin K and matrix met-
alloproteinases), and pro-inflammatory cytokines [45, 103].
Osteoclasts may also secrete netrin-1 to modulate axonal
growth of sensory neurons. Subchondral bone osteoclasts
were found to drive osteoarthritis pain via inducing sensory
nerve innervations in bone tissue. Inhibition of osteoclast
formation via RANKL knockout in osteocytes not only
inhibited sensory nerve innervations into subchondral bone
but also reduced neuronal hyperexcitability and pain hyper-
sensitivity in mice with osteoarthritis [104]. The immune
checkpoint pathway programed death protein 1 (PD-1) and its
ligand PD-L1 has been implicated in the genesis of osteoclasts,
bone destruction, and bone cancer pain. PD-L1 induced CCL2
production in osteoclasts, and CCR2 antagonist effectively

suppressed bone cancer pain in mice [105]. Thus, immuno-
therapy through immune checkpoint inhibitors may alleviate
cancer pain via suppressing osteoclast genesis and cancer-
induced bone destruction and chemokine production [105].
Recently, tumor-associated macrophages (TAM) were shown
to promote de novo neurogenesis and cancer pain [104]. Thus,
tissue specific macrophages are both protective (e.g., dermal
macrophages in health [93]) or detrimental (e.g., osteoclasts
and TAM in cancer) in pain modulation.

Sex-dependent macrophage signaling in
pain

The National Institutes of Health Revitalization Act of 1993
mandates the inclusion of female participants in clinical
studies. However, preclinical studies, which predominantly
usemale animals, do not have a similar requirement. This bias
arises from the complexities associated with menstrual hor-
monefluctuations and the assumption thatmale results can be
generalized to females [106–108]. This disparity is particularly
pronounced in neuroscience, where male single-sex studies
outnumber female single-sex studies by almost five to
one [109].

In chronic pain research, this disparity is amajor issue, as
women suffer inordinately from certain chronic pain condi-
tions as compared to men, with the majority of pain clinic
patients being women [110, 111]. These conditions include
chronic orofacial/temporomandibular disorders, chronic fa-
tigue syndrome, fibromyalgia, interstitial cystitis, neuro-
pathic pain, and rheumatoid arthritis [106, 112, 113].Moreover,
women often experience greater levels of pain, as well as
more frequency and more enduring pain [114]. Additionally,
some studies suggest women may respond more poorly to
analgesia than men, specifically opioid-induced anal-
gesia [115]. Although the estrous cycle in female animals is
sometimes cited as a potential confounding factor, it has been
found that baseline thermal and mechanical pain sensitivity
is not affected by the estrous cycle. Recent evidence has
revealed sex dimorphism in pain processing by immune cells,
particularly macrophages and microglia. Here, we summa-
rize the sex dimorphism in macrophage mediated signaling.

During chronic pain, there are no obvious sex differences
in the total macrophage population. When examining the
chemotherapy-induced peripheral neuropathy (CIPN) model,
it was found that the chemotherapy drug paclitaxel led to an
elevation of F4/80+macrophages in the DRG of bothmale and
female mice [116]. Emerging research suggests that male and
female macrophages might employ different signaling path-
ways to modulate acute and chronic pain. These distinct
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signaling pathways may contribute to the observed sex dif-
ferences in pain responses and sensitivity [117].

Inmales, studies have identified Toll-like receptor 9 (TLR9),
colony stimulating factor-1 (CSF1), andhighmobility groupbox 1
(HMGB1) as key components in the modulation of chronic pain

in male mice [116, 118]. Male-specific TLR9 signaling was
implicated in the development of chemotherapy-induced
neuropathic pain [116]. TLR9 is typically localized in immune
cells’ endolysosomes and detects bacterial DNA containing
CpG motifs. Inhibiting TLR9 decreased mechanical allodynia

Figure 6: Distinctmacrophage signaling inpain inmale and femalemice. (A)Macrophage toll-like receptor 9 (TLR9) regulatesmechanical pain inmalemice.
Left and right panels: schematic formacrophage TLR9 regulation ofmechanical allodynia in chemotherapy-induced peripheral neuropathy (CIPN) inWT and
Tlr9mutant mice. Left, paclitaxel induces the infiltration and activation ofmacrophages in dorsal root ganglions (DRGs) inmice of both sexes. Paclitaxel also
promotesmacrophage release of TNF and CXCL1 inDRGswith subsequent binding to receptors TNFR1/R2 and CXCR2 on sensory neurons, thereby leading to
hyperexcitability in nociceptive DRG neurons and driving mechanical allodynia in CIPN. Right, blocking TLR9 attenuates the development of paclitaxel
(PTX)-elicited mechanical allodynia via downregulation of the PTX-induced macrophage release of TNF and CXCL1 only in male but not female mice.
Additionally, female mice deficient in T and B cells may switch to utilizing TLR9 signaling in CIPN. Reproduced from Luo et al. [116] with permission (author’s
own rights). (B) Macrophage signaling in female-dependent mechanical pain. Schematic illustration of female-specific modulation of mechanical pain by
IL-23/IL-17A/transient receptor potential ion channel subtype V1 (TRPV1) axis. Note that both macrophage and nociceptor signaling contribute to the sex
dimorphism. Reproduced from Luo et al. [119] with CCC permission.
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in males but not females in a murine CIPN model. While
adoptive transfer of paclitaxel-activated macrophages induced
mechanical allodynia in both sexes, TLR9-deficinet macro-
phages induced less mechanical pain in males but not females.
Mechanistically, macrophages produce cytokines and chemo-
kines (e.g., TNF and CXCL1) to elicit pain. Treating primary
macrophage cultures with paclitaxel resulted in increased TNF
and CXCL1 production, but mutating Tlr9 inhibited this pro-
duction inmale cells but not female cells. Taken together, these
results suggest that TLR9 signaling is central in male macro-
phages for pain processing (Figure 6A). In female mice with
T cell deficiency, TLR9 inhibition was able to produce anti-
nociceptive effects, suggesting that the regulation of the TLR9
pathways depends on T cells in females [116]. CSF1 is known to
regulate the survival, proliferation, and differentiation of
mononuclear phagocytes, such as macrophages. Yu et al. found
that the neuronal depletion of Csf1 reduced the expansion of
CX3CR1+macrophages in DRGs of male mice following spared
nerve injury (SNI), but this effect was not observed in female
mice [118].

HMGB1, a pro-inflammatory mediator that can be
induced in DRG neurons by painful injury to activate
TLR4 [120], was implicated in the development of chronic
pain by promoting neuroinflammation [121]. Intra-articular
injection of disulfide HMGB1 caused mechanical allodynia
and increased proinflammatory cytokine expression inmale
but not female mice [122]. In primary macrophage cultures,
disulfide HMGB1 triggers a higher release of TNF, IL-6, and
CXCL1 in male cells compared to female cells. Co-injection of
minocycline (an antibiotic that can inhibit monocytes and
microglia) resulted in the reversal of pain hypersensitivity
induced by disulfide HMGB1 in males only. Joint pain hy-
persensitivity induced by disulfide HMGB1 was reversed
through selective Tlr4 depletion in LysM+ myeloid-derived
cells inmalemice only. Therefore, macrophage TLR4may be
required for HMGB1-mediated pain signaling in males [122].

In females, the interleukin-23/interleukin-17A (IL-23/
IL-17A) axis has been shown to modulate mechanical pain in
mice [119, 123] (Figure 6B). This female-specific role of the
IL-23/IL-23R axis in pain processing involves a macrophage-
dependent mechanism. IL-23-induced mechanical pain in
females requires both macrophages and TRPV1+ C-fiber
nociceptors. This sex-dependent mechanical pain is medi-
ated by the pro-inflammatory cytokine, IL-17A, which is
produced at higher levels in female macrophages (vs. male
macrophages) and can directly activate nociceptors. By
contrast, IL-23 does not directly activate nociceptors [119].
Female-specific mechanical pain by the IL-23/IL-17A axis is
mediated by estrogen receptor alpha (ERα) in TRPV1+ noci-
ceptors. Notably, IL-17A receptor (IL-17A) interacts with ERα
and TRPV1 in DRG sensory neurons. In females, mechanical

pain induced by IL-23, IL-17A, or capsaicin is inhibited by
selective ERα depletion in TRPV1+ neurons in conditional
knockout mice. These results point to the necessity of es-
trogen signaling in pain mediated by IL-23/IL-17A. ERα
expression was observed to be higher in female samples of
human DRG tissues compared to male samples [119]. Opto-
genetic stimulation of TRPV1+ nociceptors using blue light
induced greater spontaneous pain in only female mice.
Intraplantar IL-23 injection also potentiated blue light-
induced pain in female mice but not in males [124].

Prolactin (PRL)was shown toproduce female-specificpain
via activation of PRL receptors on nociceptors [125–129]. A
recent study has also implied female macrophages/monocytes
in PRL-induced persistent pain [130]. Prolonged treatment of
low dose PRL via intraplantar route caused non-resolving
mechanical hypersensitivity only in femalemice. Interestingly,
this effect is independent of sensory neuronal PRL receptors
and is associated with a lack of immune response in the
hindpaw. Flow cytometry analysis revealed pro-inflammatory
responses to macrophages/monocytes in hindpaw skins of fe-
males. It is suggested that a pro-inflammatory macrophage/
monocyte-associated response in the hindpaws of mice is
critical for the resolution of PRL-induced inflammatory pain of
both sexes. In contrast, the lack of a peripheral inflammatory
response contributed to PRL-induced persistent pain in fe-
males [130]. Together, these findings highlight the sex-specific
mechanisms of pain modulation and the potential importance
of considering these differences when developing pain man-
agement strategies.

Role of microglia in
neuroinflammation and pain

Neuroinflammation is an inflammation of thenervous system
and associated with a wide range of neurological disorders,
including Alzheimer’s disease, Parkinson’s disease, and mul-
tiple sclerosis [5, 131–133]. Increasing literature suggests that
neuroinflammation drives chronic pain (Figure 7A and B).
Microglia, in particular, are a critical contributor to neuro-
inflammation during the development of chronic pain. As
resident immune cells of the CNS, microglia migrate to the
CNS during embryonic development. Once in the CNS, they
differentiate and become a highly specialized cell type that
can sense and respond to various stimuli [42]. Different
cellular markers have been used to characterize microglia/
myeloid cells, such as IBA1 and CX3CR1 for panmicroglia (also
for macrophages), P2RY12 and TMEM119 for resting microglia
and CD68 for reactive microglia (also for macrophages) [134].
During neuroinflammation, activated microglia exhibited an
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amoeboid shape and increased expression of cell surface
markers (e.g., CD11b). Activated microglia release various
pro-inflammatory cytokines (TNF-α, IL-1β, IL-18, and IL-6),
chemokines, and reactive oxygen species (ROS), which can
cause neuronal damage, disrupt neuronal communication
and induce pain. In turn, pro-inflammatory cytokines can
further activate microglia in neuropathic pain [135]. In addi-
tion to their pro-inflammatory role, microglia also have anti-
inflammatory and protective role in the CNS [42]. They can
phagocytose and clear cellular debris, dead cells, and protein
aggregates, which can prevent the spread of damage and
promote tissue repair. They also produce anti-inflammatory
cytokines, such as IL-10, which can dampen the inflammatory
response and resolve pain. Especially, microglia express SPM
receptors, such as ChemR23/ERV01 (resolvin E1 receptor),
GPR32/DRV1 (resolvin D1 receptor), and GPR18 (resolvin D2
receptor) for the control of neuroinflammation and neuro-
pathic pain [42, 136–138]. For example, RvE1 was found to
reduce neuropathic pain via inhibiting p38-mediated TNF-α

release in microglia [137]. Aspirin-triggered RvD1 was shown
to induce autophagy and inhibit NLRP3 inflammasome in
activated microglia [139].

Despite similar roles of macrophages and microglia in
phagocytosis, microglia have limited capacity for this func-
tion as resident immune cells [147]. Understanding the role
of microglia in neuroinflammation is essential for the
development of effective treatments for multiple neuro-
inflammatory diseases, including pain.

Microglia in physiological states

Growing evidence indicates that microglia display heteroge-
neity across the CNS and actively contribute to maintaining
normal physiological states. By using their branched processes
tomonitor the cellular environment,microglia can swiftly alter
their morphology in response to signaling molecules like
ATP [148].Microglia exhibit a range ofmorphologies depending

Figure 7: PubMed search for “neuroinflammation and chronic pain”, conducted on July 15, 2023. (A) Distribution of the related papers in the past 10
years. This search shows a total of 2,154 publications. (B) Top 10 matched papers: 1) Ji et al. [4]; 2) Kim et al. [140]; 3) Vergne-Salle et al. [141]; 4) Zis et al.
2017; 5) Ji et al. [25]; 6) Yi et al. [142]; 7) Lyman et al. [143]; 8) Nijs et al. [144]; 9) Yancey JR and Thomas SM [145]; 10) Guo et al. [146].
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on their activation state and the local environment. In their
resting or surveilling state, microglia display a ramified
morphology, characterized by a small cell body with long,
branched processes extending in all directions. This
morphology allows microglia to continuously survey their
surroundings and detect any changes or damage [149, 150].
Upon activation, microglia can transform into an amoeboid
shape, which ismore suited for phagocytosis, synaptic pruning,
andmigration.Duringdevelopment or disease,microglia play a
crucial role in refining neural circuits by pruning excess or
unnecessary synapses, thereby optimizing neuronal connec-
tions, which involves the activation of the classic complement
cascade through neuronal C1q and microglial C1 and C3 re-
ceptors [151, 152] (Figure 8A–C). Recently, immune checkpoint
PD-L1/PD-1 pathway was implicated in pain, analgesia, anes-
thesia, cognition, and neurological disorders [153, 154]. In the
spinal cord, primary afferent neurons (central terminals) ex-
press PD-L1, whereas microglia express PD-1. This unique
ligand-receptor expression patternmay serve as a platform for
neuron-microglia interaction in physiological and pathological
pain states (Figure 8D).

Direct membrane-membrane contacts between
microglial processes and synaptic components have been
confirmed through electron microscopy, in vivo 2-photon
imaging, confocal laser scanning microscopy, and electron
microscopy [155, 156]. A sophisticated study employed both
confocal laser scanning microscopy and scanning electron
microscopy that revealed microglia tend to interact more
with presynaptic elements than dendritic spines [157].
Various molecular mechanisms have been identified in

microglia-neuron communication at synapses, including
the complement system, chemokine receptor pathway, and
other interactions. Despite this, only a few markers have
been found at these sites using targeted immunolabeling
and advanced microscopy. Key molecules such as C1q, C3,
CD47, and MHC class I have been observed in different
contexts, playing roles in synapse elimination, protection,
and regulation of synaptic plasticity (Figure 8B).

Complement component 1q (C1q) is necessary for syn-
apse elimination, as driven bymicroglia. C1q can be found in
developing synapses [158] and is involved in modulating
spinal cord synaptic spine morphogenesis in inflammatory
pain [159]. In some cases, complement component 3 (C3) was
found to colocalize with Homer1, a synaptic marker and
Complement C3-deficient mice showed improvement in age-
related decline in hippocampal function [160]. Presynaptic
vGluT2 and postsynaptic Homer1were used to detect CD47 in
presynaptic terminals. This transmembrane protein can
protect synapses against unrestrained synaptic pruning by
microglia [161]. Moreover, molecules of major histocompat-
ibility complex class I (MHC class I) was involved in the
modulation of synaptic plasticity and found to colocalize
with the postsynaptic protein PSD-95 [162].

Microglia in the development of chronic pain

In the last two decades, major research progress has been
made in demonstrating crucial roles of microglia in the
pathogenesis of pain (Figure 9A and B). Spinal cord microglia

Figure 8: Microglia and neuron interactions in the spinal cord. (A) Schematic of spinal cord and dorsal root ganglia (DRG). (B and C) Microglia-neuron
interactions through C1q-C1qR and C3 and C3R pairs. Note that CD47 is an inhibitory signal. (D) Interaction ofmicroglia-death protein (PD)-1 receptor with
axonal PD-L1 ligand from DRG neuron. Also see the role of the PD-L1/PD-1 axis in neurological diseases [153].
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are strongly activated after peripheral nerve injury, which
causes the microglia to increase in size, shorten cellular
processes, and change from a branching shape (ramified) to a
blobby shape (ameboid). Nerve injury also results in an
increased number of microglia (proliferation) in the first
week [163–165]. Thesemicroglial changes in proliferation and
morphologies are called microgliosis [165–167] (Figure 10A).
Microgliosis may not be required or sufficient for the genesis
of pain [41, 168]. However, microglia activation is sufficient to
elicit and potentiate pain states [42] (Figure 10B). In 2003,
three studies from different groups revealed an important
role of spinal cord microglia in the development of neuro-
pathic pain following nerve injury [169–171]. Several ap-
proaches, such asmicroglia ablation by toxin and inhibitor, as

well as optogenetic and chemogenetic manipulations of
microglia have shown that microglia are both sufficient and
required for the induction of pain [142, 172–175].

Activation of primary afferents such as C-fibers may be
sufficient for triggering spinal microglial activation [197, 198].
However, large A-fiber activation also plays a significant role
in sustainingmicroglial activation [199]. Guan et al. found that
following peripheral nerve injury, colony stimulating factor 1
(CSF1) levels increase in damaged DRG neurons and CSF1
release from the injured primary afferent central terminals
induces spinal microgliosis and behaviors relating to
pain [200]. Interventions such as spinal injection of a CSF1
inhibitor or Cre-mediated deletion of Csf1 in DRGneurons can
effectively mitigate microgliosis resulting from nerve injury

Figure 9: PubMed search for “microglia and pain” conducted on July 15, 2023. (A) Distribution of the related papers in the past 10 years (2013–2023). This
search shows a total of 3,056 publications. (B) Top 10 matches. 1) Inoue et al. [176]; 2) Chen et al. [42]; 3) Yi et al. [142]; 4) Tsuda M. [177]; 5) Tansley et al.
[178]; 6) Tu et al. [179]; 7) Zhou et al. [180]; 8) Pan et al. [181]; 9) Ji A and Xu J [182]; 10) Aldskogius H and Kozlova EN [183].

394 Chen et al.: Macrophages and microglia in inflammation and neuroinflammation



Figure 10: Microglia in the development of neuropathic pain. (A) Nerve injury-induced microgliosis (proliferation and morphological changes).
(B) Nerve injury-induced microglia activation, as indicated by upregulation and activation of ATP receptors, chemokine receptors, and TLRs (TLR4 and
TLR2) [171, 184–188] and phosphorylation of MAP kinases p38 and ERK (1/2, 5) [169, 189–192]. As a result of microglia activation, pro-inflammatory
mediators, such as TNF, IL-1β, IL-18, and PGE2, as well as growth factor (BDNF), are produced and secreted frommicroglia, inducing central sensitization in
the spinal cord and enhancing pain states [151, 193–195]. A and B are reproduced from Chen et al. [42] with CCC permission. (C) Patch clamp recording in
spinal cord slice reveals rapid increase in excitatory post-synaptic currents in spinal cord pain circuit following TNF treatment. The same neuron also
responded to TRPV1 agonist capsaicin. Reproduced from Park et al. [196] with permission (author’s own right).
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as well as mechanical allodynia. Additionally, intrathecal in-
jection of CSF1 in naive mice results in mechanical hyper-
sensitivity and microgliosis, further highlighting the role of
CSF1 in these processes [200]. Following peripheral nerve
injury, sensory neurons also secrete chemokines such as
CXCL1 (fractalkine) to activatemicroglia via CX3CR1 [201, 184].
CX3CR1 is exclusively expressed in the spinal cord microglia
and its expression increases following nerve injury and
arthritis [184, 202]. Microglia activation and mechanical allo-
dynia development were markedly reduced in Cx3cr1
knockout mice after nerve injury [203]. Moreover, the prote-
ase cathepsin S is needed for the cleavage of CXCL1 from the
DRG cell surface [204]. Additionally, peripheral nerve injury
leads to the release of Neuregulin-1 from primary afferents,
which activates ErbB receptors on spinal microglia. This
activation contributes to the development of microgliosis and
pain hypersensitivity through the phosphorylation of ERK1/2
and AKT signaling pathways in microglia [205]. Neuronal
proteases are also crucial in microglia activation. A rapid and
short-term increase in the expression of metalloproteinase-9
(MMP-9) in DRG neurons was found to induce microglial
activation and trigger neuropathic pain [206]. Intrathecal
MMP-9 administration leads to IL-1β activation via cleavage,
causing symptoms of neuropathic pain aswell asmicrogliosis.
While this increase is involved in the onset of neuropathic
pain, it is not required formaintainingneuropathic pain [206].
Especially, caspase 6 is expressed in axons and involved in
axonal degeneration [207]. Nerve injury was shown to induce
caspase 6 upregulation in injured sensory neurons [208].
Furthermore, caspase 6 release from damaged central axons
is sufficient to activatemicroglia throughp38phosphorylation
and trigger TNF-α release, causing TNF-induced pain [209]
(Figure 10B).

Microglia activation is accompaniedby swift activation of
intracellular signaling pathways, such as the phosphorylation
of MAP kinases like p38 and ERK [189, 210]. The pharmaco-
logical inhibition of p38 and ERK can reduce microgliosis
and pain hypersensitivity following peripheral nerve
injury [211, 212]. Microglial intracellular signaling cascade
activation accommodates upregulations of microglial cell-
surface receptors in the spinal cord dorsal horn, including
toll-like receptors (TLRs), purinergic receptors, and chemo-
kine receptors [176]. The TLR family plays a critical role in
innate immune response and pathogenesis of pain [213].
Extensive research on TLR4 in nerve injury-induced neuro-
pathic pain has demonstrated its critical role in microglial
activation and cytokine expression [185, 214]. Knocking out of
Tlr2was also shown to decrease neuropathic pain and spinal
microglia activation [186]. One powerfulmicroglia activator is

ATP, which can be produced from different cell types after
nerve injury, including microglia, astrocytes, and neurons in
the spinal cord [215–217]. In spinal cord microglia, the ATP
purinoceptors P2X4R and P2X7R are both upregulated
following nerve injury. Blocking the signaling of these puri-
noceptors in the spine leads to reductions inBDNF release and
mechanical allodynia after nerve injury [171, 218]. In murine
neuropathic pain models, P2X4R and P2X7R knockout or
knockdown led to significant attenuation of neuropathic
pain [171, 219–222]. In addition, spinal microglia also express
P2Y receptors, including P2Y6R, P2Y12R, P2Y13R, and P2Y14R,
and these P2Y receptors also contribute to neuropathic pain
development [190, 223, 224].

TNF-α (or TNF) is one of the most prominent micro-
glial mediators. Peripheral mechanisms of TNF in the
pathogenesis of pain have been well studied, and TNF is
sufficient to induce hyperexcitability of primary sensory
neurons [62, 225, 226]. TNF also drives central sensitization
in spinal cord pain circuit [193]. Patch clamp recordings in
spinal cord slices revealed that TNF perfusion induced
rapid increase, within minutes, in excitatory postsynaptic
currents (EPSC) (Figure 10C) [193, 196, 227]. TNF further
induces long-term potentiation (LTP) in spinal cord neu-
rons, a crucial cellular mechanism for the development of
persistent pain, via TNFR1 and TNFR2 [196, 228, 229].
Notably, SPMs, such as resolvin E1 and protectin D1/neu-
roprotectin D1, can potently inhibit TNF-induced synaptic
plasticity in the spinal cord pain circuit [82, 230]. Addi-
tionally, miRNAs have been implicated in microglia
signaling in neuropathic pain [231, 232].

In 2022, researchers demonstrated additional micro-
glial signaling in neuropathic pain. First, microglia-
mediated degradation of perineuronal nets promotes
neuropathic pain in mice [178]. Following peripheral nerve
injury, activated microglia degraded extracellular matrix
structures, perineuronal nets (PNNs), in lamina I projection
neurons of the spinal cord dorsal horn. Degradation of
PNNs by microglia resulted in enhanced activity of pro-
jection neurons and enhanced neuropathic pain [178]
(Figure 11A). Second, the Alzheimer’s disease gene Apoe
(encoding Apolipoprotein E) is also the top upregulated
gene in spinal cord microglial cells at chronic time points
following peripheral nerve injury in mice. Genetic analysis
revealed polymorphisms in the APOE gene in humans are
associated with chronic pain [233]. Third, microglia drive
chronic pain in the SNI model (>14 months) via telomere-
and p53-mediated spinal cord cellular senescence, and
chronic pain is associated with reduced life span in
mice [234].
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Microglia in the resolution of pain

While microglia play a vital role in neuroinflammation and
the development of neurological and neuropsychiatric dis-
eases, they help maintain brain and spinal cord homeostasis
and resolve neuroinflammation. Recently, many genes in
microglia were found to be correlated with their protective
effects in neuronal diseases. Notably, when compared to
their wild-type counterparts, mice lacking the Cx3cr1 gene
showed more severe cognitive dysfunction and greater
levels of neuronal death with traumatic brain injury in the

chronic phase [42]. The contrasting behavioral outcomes in
the acute vs. chronic phases of brain injury in Cx3cr1--
deficient mice could be related to different microglial phe-
notypes present during these stages.

Kohno et al. discovered a group of CD11c+ microglia
that appear during pain maintenance and aid in the
reduction of neuropathic pain following peripheral nerve
injury [235, 236] (Figure 11B). When peripheral nerve injury
occurs, microglial activation in the dorsal horn initiates
pain-promoting communication with neurons by releasing
cytokines such as TNF-a and IL-1β, which enhance neuronal

Figure 11: Novel microglial signaling in the development and resolution of neuropathic pain. (A) Following nerve injury microglia activation induces
neuropathic pain via degradation of peri-neuronal nets, leading to the activation of projection neurons in the superficial spinal cord. See more details in
Tansley et al. [178]. (B) Microglia regulate the resolution of neuropathic pain. Nerve injury induces CD11c population of microglia in the late phase (three
weeks), which contributes to the resolution of neuropathic pain via IGF-1. Notemicroglia can induce both pain and analgesia through differentmediators,
which act on nociceptive neurons. See more details in Kohno et al. [235].
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activity. During pain maintenance, a group of CD11c+
microglia, expressing the receptor AXL emerges, and engulf
myelin debris from deteriorating processes impacting
injured neurons. These phagocytic CD11c+ microglia
secrete insulin-like growth factor 1 (IGF-1), which coun-
teracts pain through the activation of neuronal IGF-1 re-
ceptor (IGF1R). This finding challenges the existing
understanding of microglia’s role in chronic pain and
highlights the need to reassess the potential of microglia as
a therapeutic target. By understanding the role of IGF1,
APOE, and the context required for the emergence of
antinociceptive microglia, new therapeutic strategies can
be designed to promote analgesia and potentially alleviate
chronic pain. However, the pronociceptive role of IGF1 has
also been shown in DRG neurons [237]. It remains to be
testedwhether IGF1 plays a distinct role in the PNS and CNS.

Activation of the cannabinoid receptor type 2 (CB2)
promotes an anti-inflammatory microglial phenotype by
increasing the expression of MAP kinase phosphatase and
suppressing MAP kinase phosphorylation, which is crucial
for alleviating neuropathic pain [41, 238]. Interestingly,
CB2 expression could be upregulated in chronic pain
states [239–241]. Given extensive medical and recreational
use of cannabis and related products, understanding the
mechanisms of endocannabinoids and exogenous canna-
binoids in glial and immune cells in acute and chronic pain
has great social and clinical impact. The anti-inflammatory
cytokine IL-10, likely a microglial product, has been found
to inhibit microgliosis and neuropathic pain following
nerve injury in early life [242]. Recently, it was found that
high-intensity swimming reduced ischemic pain and neu-
roinflammation in mice by resolvin E1 mediated activation
of ChemR23 and anti-inflammatory polarization in spinal
microglia [243].

Sex-dependent and sex-independent
regulation of microglia in pain

Studies from different lab have shown that nerve injury
induces similar morphological changes in spinal cord
microglia (microgliosis) in both sexes [42, 244–246]. None-
theless, many studies have highlighted amale-dominant role
of microglia in regulating pathological pain, especially me-
chanical allodynia, across various chronic pain conditions.
These findings have been gathered through transgenic and
pharmacological approaches, such as selectively activating
or depleting microglia, employing a general microglial in-
hibitor to hinder their function, and specifically inhibiting
microglial signaling pathways [42].

Using microglia manipulations done through a chemo-
genetic approach called DREADD (Designer Receptor Exclu-
sively Activated by a Designer Drug) and intrathecal
administration of C-N-oxide (CNO), it was found that selec-
tive activation of spinal microglia resulted in mechanical
allodynia in male rats and mice, while female counterparts
failed to exhibit the same response [174, 247]. Furthermore,
microglia of male rats were transfected with inhibitory Gi
DREADDs and intrathecal administration of CNO in these
male rats led to a reduction in the allodynia [174]. This
finding indicates that the activation of inhibitory Gi
DREADDs in spinal microglia can help alleviate CCI-induced
allodynia in male subjects not female. However, ablation of
spinal microglia was also shown to reduce neuropathic pain
in both sexes [248].

The p38 protein is an important member of the MAPK
family and expressed by microglia in the spinal cord.
Injecting the p38 inhibitor skepinone into the spinal canal
only alleviates CCI-induced mechanical allodynia in male
mice, whereas injecting it systemically or around nerves
provides pain relief in both sexes, implying different
mechanisms for peripheral and central p38 pathways [245].
CCI-induced mechanical allodynia is diminished in male
mice only following intrathecal injection of p38α antisense
oligonucleotides (ASO), leading to approximately a 50 %
reduction in spinal levels of p38α mRNA [249]. In a mouse
model of hyperalgesic priming, the p38 inhibitor skepinone
blocks sustained mechanical allodynia caused by PGE2
exclusively in male animals [250].

The microglia inhibitor, minocycline, only produces
antinociceptive and anti-allodynic effects in male mice in
several pain models, such as the spared nerve injury model
(SNI) [172], the formalinmodel [251], the chronic constriction
injury model (CCI) [245, 246, 251], and the collagen induced
arthritis model (CIA) (206). Moreover, intrathecal adminis-
tration ofminocycline enhancesmorphine analgesia inmale
rats, but not in females [252]. Notably, minocycline is not a
selective inhibitor of microglia. It produces a number anti-
inflammatory actions, including inhibition of MMPs (e.g.,
MMP-9), inhibition of neutrophil migration and chemotaxis,
and inhibition of proinflammatory cytokines (e.g., IL-1α/β,
IL-6, IL-8, TNF-α). However, at high concentrations, mino-
cycline may also affect astrocytes, oligodendrocytes, and
neurons [209, 253]. It was also found that microglia depletion
by using saporin toxin conjugated with macrophage antigen
complex-1 (Mac-1) only resulted in reversal of mechanical
allodynia in male mice, not in female mice [172]. Neuronal
caspase-6 plays a crucial role in regulating microglial func-
tion in chronic pain. Caspase-6 inhibitor or caspase6
knockout led to male-dominant analgesia in inflammatory
and neuropathic pain models [209, 254]. Sorge et al.
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identified TLR4, which is critical for producing inflamma-
tory cytokines from microglia [255], contributed to me-
chanical allodynia solely in males [256]. Microglial
P2X4-BDNF pathway also regulates neuropathic pain inmale
mice [172, 246]. In contrast, nerve injury-induced spinal
microgliosis exhibited no sex differences [245, 246].
Furthermore, microglia were found to drive chronic pain in
the SNI model of male mice via a cellular senescence
pathway, and chronic pain is associated with reduced life
span in males [234].

Conclusion remarks and future
directions

Neuroimmune interactions are emerging as a central topic of
pain research. Diverse types of non-neuronal cells have been
implicated in physiological and pathological pain. As the most
investigated immune cell type in pain modulation, macro-
phages play important roles not only in the induction of pain
but also in the resolution of pain. As resident macrophages in
the CNS and the most investigated glial cell type in pain mod-
ulation, microglia are activated by nerve injury and contribute
critically to the development of neuropathic pain. Macro-
phages and microglia are critical regulators of inflammation
and neuroinflammation. Especially, neuroinflammation in the
PNS and CNS is highly correlated with chronic pain [4]. It is
difficult to clearly separate the roles of macrophages and
microglia in pain, as they express common cellular markets
such as CX3CR1. Functionally, macrophages and microglia can
co-operate to regulate chronic pain. Accumulating evidence
indicates that macrophages and microglia regulate diverse
types of pain conditions, ranging from physiological pain un-
der the homeostasis, to pathological pain induction and
maintenance, and resolution of acute and persistent pain.
Recent advances in neuroimmune and neuroglial interactions
not only provide new mechanistic insights into acute and
chronic pain, but also open avenues for the treatments of
chronic pain. Accumulating evidence has also revealed
microglia activation in the pain-modulating brain regions (e.g.,
the thalamus) in patients with chronic pain [257]. Future
studies are needed to investigate the role of macrophages and
microglia in clinical pain.

In addition to macrophages and microglia, other non-
neuronal cell types have been implicated in pain, including
but not limited to astrocytes, satellite glial cells, Schwann
cells, neutrophils, and T cells [25, 258–262]. Immunotherapy
has achieved great success in treating cancers, saving
the lives of millions of patients [263–265]. Immunotherapy
has also been proposed for the treatment of cognitive

declines in animal models of Alzheimer’s disease and brain
injury [154, 266]. We highlighted immunotherapy for the
management of chronic pain [267], such as bone cancer
pain with immune checkpoint inhibitors and STING ago-
nists [105, 268, 269], or arthritic pain using monoclonal
antibodies against inflammatory cytokines and their re-
ceptors [270], or neuropathic and inflammatory pain using
cell therapies (e.g., mesenchymal stromal/stem cells) [86, 271].
The emerging regenerative pain medicine includes cell
products and blood products, such as platelet-rich plasma
(PRP) and autologous conditioned serums (ACS) [272, 273].
Strikingly, intrathecal adoptive transfer of human condi-
tioned serum to mice with neuropathic pain elicited sus-
tained pain relief for many weeks. It was found that
conditioned serum contains higher levels of exosomes than
non-conditioned serum and the secreted exosome are
essential for the long-term analgesia by this regenerative
medicine and immunotherapy, as this treatment can
modulate neuroinflammation in the spinal cord [274].
Exosomes released from macrophages or stem cells were
protective against inflammatory pain in mice [8, 275]. It
is of great interest to compare the therapeutic effects of
small vesicles/exosomes of different origins (macrophages,
microglia, stem/stromal cells, ACS) in chronic inflammation
and chronic pain conditions. Macrophage polarization can
be modulated by SPMs [80, 37] and iron-based nano-
particles [76]. Control of macrophage or microglia polari-
zation in vitro or in vivo through “immune resolution” or
“immune rejuvenation” may serve as novel therapeutic
strategy for pain management.
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