
J. Integr. Neurosci. 2025; 24(6): 27730
https://doi.org/10.31083/JIN27730

Copyright: © 2025 The Author(s). Published by IMR Press.
This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Review

The Activation of Hippocampal Microglial Cells and Their Role in the
Regulation of Pain
Lei Chen1 , Li Zeng1, Wu Li1,*, Jiang-Shan Li1

1Department of Tuina, School of Acupuncture-Moxibustion and Tuina, Hunan University of Chinese Medicine, 410208 Changsha, Hunan, China
*Correspondence: 003976@hnucm.edu.cn (Wu Li)
Academic Editor: Parisa Gazerani
Submitted: 1 November 2024 Revised: 23 December 2024 Accepted: 31 December 2024 Published: 23 June 2025

Abstract

Chronic pain frequently coexists with adverse emotions, including anxiety and depression, significantly affecting patients’ physical and
psychological health as well as their quality of life. Changes in hippocampal synaptic architecture, neuronal injury, and diminished neuro-
genesis significantly contribute to pain-related emotions. Microglia in the hippocampus are implicated in these pathologies. Stimulation
or injury leads to microglial activation, which causes pain; prolonged pain causes microglia to continuously release pro-inflammatory
factors that induce astrocyte activation, which mediates the apoptosis of hippocampal neurons and abnormal neurogenesis. Concurrently,
microglia exhibit aberrant phagocytosis and augmented pruning of hippocampal dendritic spines, which disrupts synaptic plasticity and
influences hippocampal long-term potentiation, hence contributing to the emergence of negative emotions. Inflammatory responses in the
brain are a prevalent pathological foundation for mood disorders and pain, and the activation or inhibition of microglia M1 polarization
can influence pain-related emotions. This review elucidates the significance of hippocampal microglia activation, and their interactions
with neurons in the hippocampus and astrocytes, in pain-related emotions.
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1. Introduction
Chronic pain not only engenders a sense of despera-

tion for treatment among patients, but it can also heighten
their pain perception, leading to exaggerated responses. Pa-
tients seek alleviation from pain and its associated unpleas-
ant feelings, but achieving this respite is sometimes chal-
lenging, which can intensify their symptoms of anxiety and
depression. Consequently, these feelings lead patients to
concentrate more on the pain [1], establishing a detrimen-
tal cycle between pain and negative emotions, which is the
primary reason why chronic pain is challenging to manage.
The hippocampus is engaged in both emotional processing
and pain perception, serving a major function in the neu-
ronal network associated with pain-related emotions [2,3].
Microglia are spread throughout the central nervous system
and the inflammation they initiate is a significant factor con-
tributing to the adverse emotions associated with pain. This
research review presents an overview of microglia polar-
ization in the hippocampus and its mechanisms involved in
pain-related emotions.

2. Introduction to Microglia
Microglia, originating from the yolk sac of the em-

bryonic hematopoietic system, are pivotal resident im-
mune cells that have a shared lineage with peripheral
macrophages [4] and are often the initial responders to no-
ciceptive stimuli. Microglia exhibit extensive branching
in their resting state under typical physiological settings,
performing functions that include phagocytosing apoptotic

cell debris, and pruning and stabilizing neuronal dendritic
spines. Upon external stimulation, microglia are acti-
vated, multiply fast, grow and expand the cytosol, re-
tract and eliminate protrusions, have an “amoeba-like”
shape, and secrete cytokines. According to macrophage-
polarization terms, activated microglia can be categorized
into classically activated (M1) cells, which exhibit pro-
inflammatory functions, and alternatively activated (M2)
cells, which demonstrate anti-inflammatory functions—a
phenomenon referred to as polarization (Fig. 1). The polar-
ization of microglia exerts a bidirectional influence on neu-
rons. M1 microglia detect interferon-gamma (IFN-γ), tu-
mor necrosis factor-α (TNF-α), lipopolysaccharide (LPS),
and endogenous molecules released during cellular apop-
tosis, subsequently releasing pro-inflammatory factors (IL-
6, IL-1β, TNF-α). M2 microglia recognize IL-4 and IL-
10, and release anti-inflammatory factors [e.g., IL-4, IL-
10, arginase-1 (Arg-1)], insulin-like growth factor 1 (IGF-
1), brain-derived neurotrophic factor (BDNF), and colony-
stimulating factor 1 (CSF-1), thereby promoting tissue re-
pair and neuroprotection [5].

In recent years, with the development and application
of technologies such as spatial and single-cell histology,
multiple subtypes of microglia have been found, and the
formation of these subtypes is related to signaling pathways
at different levels within themicroenvironment, such as epi-
genetic, transcriptional, and translational aspects [6]. The
morphologic structures of the different subtypes are very
different and can be categorized as follows: (a) CD11c+mi-
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croglia, which are associated with the phagocytosis of mi-
croglia, shifting from CD11c- to CD11c+ upon clearance of
apoptotic neurons [7]; (b) dark microglia (DM), associated
with aging and degenerative diseases such as Parkinson’s
disease [8], which can only be observed by electron mi-
croscopy, showing cytoplasmic shrinkage and expansion of
the endoplasmic reticulum and Golgi apparatus accompa-
nied by mitochondrial alterations [9]; (c) repair-associated
microglia, which are often seen during the repair process af-
ter cerebrovascular injury, promote angiogenesis by form-
ing a “rosette” of tissue that encapsulates the injured blood
vessels to inhibit leakage of the blood-brain barrier [10]; (d)
disease-associatedmicroglia, named after their discovery in
Alzheimer’s Disease (AD) transgenic mice [11], which are
also present in other diseases such as multiple sclerosis and
stroke [12]; and (e) white matter-associated microglia that
are associated with age and clear white-matter myelin de-
bris, with marker gene expression that increases with white-
matter aging. Microglia subtypes are not limited to those
described above; they can have different morphologies and
functions in different species, diseases, and brain regions.
For example, microglia located in the cerebellum highly ex-
press F4/80, whereas hippocampal microglia express more
Tnf and Fc gamma receptor II (Fcgr2) [13]. DM is present
in rats and humans [14], but the main source of CD11c+
and DM cell subtypes is the mouse. In summary, microglia
can change into subtypes according to the external environ-
ment, and thus perform different functions.

3. The Role of Microglia in Affective
Responses to Pain

Pain can be classified as acute or chronic according to
its duration. Pain not only stimulates reward-related neu-
ronal pathways in the brain’s limbic system, including the
dopamine system, but also profoundly influences an in-
dividual’s psychological condition. Acute pain typically
provokes an immediate reaction from the individual, in-
cluding stress and the emergence of avoidance strategies.
Chronic pain is linked to gradual adverse mood alterations,
first with anxiety and progressively advancing to depres-
sion, ultimately resulting in a co-morbid condition of pain,
anxiety, and depression. The morphology of microglia in
the brain under chronic stress states is remodeled and is
accompanied by a depressive and anxious state [15]. The
imaging results of patients with episodes of major depres-
sive disorder indicate that microglia are excessively acti-
vated in the brain [16] and are strongly associated with the
severity of these episodes. Subsequent research has es-
tablished that M1-type microglia play a crucial role in the
emergence of negative emotions. When the M1 type re-
mains prevalent and M2-type expression diminishes, be-
havioral symptoms such as depression and anxiety emerge.
These adverse emotions are further intensified when M1-
type expression significantly surpasses the level of the M2
type [17]. Both chronic pain and the elicitation of negative

emotions are associated with the activation and polariza-
tion of microglia, with M1-type microglia being pivotal in
the manifestation of pain-related emotions. There are sex
differences in microglia in response to chronic pain and its
accompanying emotions, which are related to sex hormones
in vivo [18] and to stressful events experienced during fe-
tal life [15]. This phenomenon is also present in rodents,
in which there are sex as well as age differences [19] in
the phenotype [20], morphology, and number of microglia
and the cytokines and chemokines they release in the hip-
pocampus; males show activation of significantly more mi-
croglia than do females; females show a greater tendency
for hippocampus-located microglia to migrate to the amyg-
dala with age, accompanied by a decrease in microglial cell
marker cluster of differentiation 68 (CD68). There are also
significant differences between males and females in their
attitudes toward pain [21] and in their immune and stress
responses [22,23] when in a state of chronic pain. In neu-
ropathic pain, female rats have more intense pain sensa-
tions [22]. Emotional responses to neuropathic pain and the
mechanisms involved also differ by sex, i.e., microglia in
the hippocampus show higher levels of CD11b expression
in males, whereas treatment with ginger only alleviates the
emotional response in males but reduces microglia activity
in rats of both sexes [23]. In humans, chronic pain and its
accompanying negative emotions are related to an individ-
ual’s own life experiences and environment, in addition to
sex and age. Adverse events that occur during early forma-
tive experiences are associated with a greater risk of devel-
oping chronic pain and psychiatric disorders in adulthood
[24]. External stress induces a pro-inflammatory transfor-
mation of microglia through an increase in systemic glu-
cocorticoids [25], and microglia are more active in women
than in men when experiencing stress [26].

Chronic pain can elevate pro-inflammatory molecules
such as IL-1β, TNF-α, and IL-6 in both the peripheral
and central nervous systems. The release of central pro-
inflammatory cytokines mainly originates from microglia.
Research indicates that noxious stimuli initially activate mi-
croglia, leading to their transformation into the M1 pheno-
type [27], which is associated with the release of numer-
ous pro-inflammatory factors and chemokines that facili-
tate central inflammation, particularly evident in the hip-
pocampal region, where inflammatory lesions are most pro-
nounced [28]. The administration of the microglia activa-
tor LPS, whether administered peripherally [29] or centrally
[30] in rodents, induces depressive anxiety-like behavior.
The mechanism apparently is that LPS induces microglia
to transition to an M1-type through activation of toll-like
receptors, particularly toll-like receptor 4 (TLR4), result-
ing in a significant upregulation of markers such as ionized
calcium-binding-adaptor molecule-1 (Iba-1), nitric oxide
synthase, cluster of differentiation 11b (CD-11b), andCD68
[31]. Furthermore, Lv et al. [32] discovered that the re-
combinant adenosine A2a receptor (A2AR) was markedly
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Fig. 1. The polarization process of microglia. Resting microglia detect IFN-γ, TNF-α, and LPS, polarizing microglia to the pro-
inflammatory type, releasing IL-6, IL-1β, and TNF-α, and expressing Iba-1, CD68, CD11b, and INOS. When IL-4 and IL-10 are rec-
ognized, microglia are polarized to the anti-inflammatory type, releasing Arg-1, IL-4, IL-10, CSF-1, IGF-1, BDNF, and TGF-β, and
expressing CD206 and CD163. Iba-1, ionized calcium-binding adapter molecule 1; CD68, Cluster of Differentiation 68; CD11b, cluster
of differentiation 11b; INOS, inducible nitric oxide synthase; TGF-β, transforming growth factor-beta; CD206, mannose receptor C-type
1; CD163, CD163 molecule; GABA, γ-aminobutyric acid; GABAR, γ-aminobutyric acid receptor; Glu, glutamate; NMDAR, N-methyl-
D-aspartate receptor; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CX3CL1, C-X3-C motif chemokine
ligand 1; CCL2, C-C motif chemokine ligand 2; ATP, adenosine triphosphate; CX3CR1, C-X3-C motif chemokine receptor 1; TLR, toll-
like receptor; P2RX4/X7, purinergic receptor P2X4/X7; Myd88, myeloid differentiation primary response 88; MAPK, mitogen-activated
protein kinases; NF-κB, nuclear fFactor kappa-B; TNF-α, tumor necrosis factor-α; LPS, lipopolysaccharide; IFN-γ, interferon-gamma;
CCR2, C-Cmotif chemokine receptor 2; IL-4, interleukin 4; IL-10, interleukin 10; IL-6, interleukin 6; IL-13, interleukin 13; IL-1β, inter-
leukin 1β; CSF-1, colony-stimulating factor 1; IGF-1, insulin-like growth factor 1; BDNF, brain-derived neurotrophic factor. Fig. 1 was
created using Procreate (5.3.15, Savage Interactive Pty Ltd, Tasmania, Australia) and WPS Office software applications (12.1.0.21541,
Beijing Kingsoft Office Software, Inc., Beijing, China).

activated in a trigeminal neuralgia model in mice and was
accompanied by a substantial presence of activated astro-
cytes and microglia, as well as the manifestation of depres-
sive behaviors in the pain-afflicted mice. The secretion of
TNF-α, IL-1β, and complement component subunit 1q by

M1-typemicroglia induces the transition of astrocytes to the
A1 phenotype [33], characterized by elevated expression
of TLR receptors and the production of pro-inflammatory
chemicals. The pro-inflammatory substances generated by
A1-phenotype astrocytes antagonize microglia, perpetuat-
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ing the inflammatory state of the central nervous system
(CNS) [34]. Astrocytes simultaneously preserve the in-
tegrity of the blood-brain barrier by engaging with cere-
brovascular endothelial cells and pericytes via their end-
foot structures [35]. In reaction to inflammatory stimuli in
the periphery, astrocytes and microglia become activated,
leading to the disruption of the blood-brain barrier and facil-
itating the migration of external immune cells into the brain
[36], thereby initiating a central inflammatory cascade.

In conclusion, hyperactivated microglia and M1-type
microglia, which contribute to central inflammation, are
pivotal in the emergence of unpleasant emotions, and the in-
teractions between microglia and astrocytes also participate
in the occurrence of this process. Consequently, examining
the central inflammatory process of emotional impairments
related to pain via the lens of microglia is crucial for eluci-
dating the pathophysiology of such emotions.

4. The Role of the Hippocampus in
Pain-Related Emotions

The hippocampus, a part of the limbic system, con-
tributes to the manifestation of chronic pain and negative
affect [37], and its malfunction and lesions can lead to co-
morbidities of pain and emotion [38]. Bingel et al. [39]
showed that painful stimuli can be transmitted to the hip-
pocampus, resulting in activation and hemodynamic alter-
ations. Imaging results from certain patients with chronic
pain indicated that bilateral hippocampus volume was re-
duced below normal levels [40]. In the neuropathic-pain
paradigm, impairment of hippocampus function in mice has
also been demonstrated [41]. The aforementioned find-
ings demonstrate that chronic pain induces functional and
anatomical alterations in the hippocampal region. The
cornu ammonis 1 (CA1) region of the ventral hippocam-
pus participates in pain perception and emotional feedback,
and studies have indicated that pain activation can sup-
press neuronal activity in this area [41,42]. Under stress,
the synaptic architecture of the rat hippocampal CA3 re-
gion was modified, and the atrophy of pyramidal cell api-
cal dendrites coincided with a significant decrease in the
volume of the hippocampal CA1 area, leading to deficits
in memory and emotion [43]. Consequently, changes in
hippocampal neurons and their synaptic structure are in-
tricately linked to the emergence of pain-related emotions.
Simultaneously, neurogenesis occurs in the hippocampus,
indicating that the process of new neural growth and de-
velopment can persist from the embryonic stage into adult-
hood. Neurogenesis in the hippocampus significantly influ-
ences the modulation of pain perception and emotional con-
ditions. Hippocampal neurogenesis involves multiple steps
and regulatory mechanisms. The source of newborn neu-
rons in the adult hippocampus is neural stem cells (NSCs).
In rodents, NSCs in the hippocampal dentate gyrus (DG),
also known as radial glial-like cells, have radial projections
that extend into the DG granule-cell layer and express the

astrocyte markers sex-determining region Y-box 2 (SOX2)
and glial fibrillary acidic protein (GFAP) [44]. When NSCs
are activated, they give rise to amplifying neural progeni-
tors (ANPs) [45]. After passing through the early survival
stage [46], progenitor cells further differentiate into adult
neuronal cells [45]. Adult neuronal cells differentiate into
functional granular neurons through a maturation process
of weeks or months [45]. After 2–3 weeks, newborn DG
granular neurons (GCs) receive excitatory inputs from DGs
and conduct action potentials to pyramidal neurons in the
hippocampal CA2 and CA3 regions. After 4–8 weeks, the
newborn GCs are fully integrated into the hippocampal cir-
cuits and participate in information storage (memory) [45].
Terreros-Roncal et al. [46] demonstrated by that NSCs and
immature neurons are also present in the brain of healthy
adults. Fang et al. [47] noted a decrease in immature nerve
cells inside the hippocampal dentate gyrus in mice with
chronic inflammatory pain, and the administration of a neu-
rogenesis inhibitor in the hippocampus resulted in height-
ened nociception and exacerbated depressive symptoms in
the mice. Conversely, the administration of neurogenesis-
enhancing therapies showed efficacy in mitigating pain and
depressive-like behaviors. In addition, BDNF is crucial for
hippocampal regeneration and synaptic plasticity, and its
diminished expression and levels predispose individuals to
negative emotions. Chronic pain stimuli may precipitate
mood disorders, including anxiety, by reducing BDNF lev-
els and neurogenesis in the hippocampus [48]. In conclu-
sion, chronic pain not only diminishes hippocampal volume
but also disrupts its normal functioning.

Pain affects more than the hippocampal region and in-
volves the interaction of several regions in the brain. For
example, the anterior cingulate cortex (ACC) receives af-
ferent pain signals and projects these signals to the hip-
pocampus and the anterior thalamic nucleus (Papez’s loop)
to co-construct the basis of pain cognition [49]. The con-
necting loops of the hippocampus and the prelimbic neo-
cortex are then involved in the generation of emotional and
cognitive deficits associated with neuropathic pain [50]. In
addition, Ma’s team [51] found that chronic inflammatory
pain disrupts CA1-infralimbic cortex (vCA1-IL) connectiv-
ity in the ventral hippocampus of rats, and that activation
of the vCA1-IL loop using optogenetics results in pain re-
lief. In rodents, the basolateral nucleus of the amygdala
(BLA) has dense monosynaptic glutamatergic projections
to the ventral hippocampus (vHPC), and functional con-
nectivity between the two brain regions is strongly corre-
lated with anxiety production [52]. In the brains of chronic
social-defeat-stress-model mice, gamma-aminobutyric acid
(GABA)-receptor-mediated reduction of tensile inhibitory
currents fromBLA neurons projecting to ventral hippocam-
pal neurons led to a rise in neural excitability of the BLA-
vHPC loop, and the mice developed anxiety [53]. Chronic-
restraint-stress mice show increased dendritic branching
and density of BLA-vHPC neurons and stronger excitatory
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synaptic transmission between them, an alteration that is
associated with anxiety [53]. This shows that the crosstalk
between the amygdala and the hippocampus is closely re-
lated to anxiety in pathological states.

The above studies reveal that chronic-pain-induced
emotional responses are not the result of lesions in a single
brain region, but rather a joint result of the interaction of
neural circuits between the hippocampus and brain regions
such as the ACC, prelimbic neocortex, IL, and amygdala.
A complex network of these brain regions works in con-
cert to regulate pain-related emotional responses and cog-
nitive processes. In a state of chronic pain, neuroplastic
alterations in the pain pathways of the spinal cord and brain
are commonly termed “central sensitization” [54]. One of
the main manifestations is long-term potentiation (LTP) of
synaptic transmission [55]. Hippocampal neuronal dam-
age, along with altered neurogenesis and synaptic plastic-
ity, constitutes a significant pathological foundation for the
emergence of unpleasant feelings.

5. The Role of Hippocampal Microglia in
Pain-Related Emotions
5.1 Relationship Between the Hippocampus and Microglia

Microglia are located throughout the adult brain, es-
pecially in the hippocampus and cerebral cortex, regions
characterized by high neuroplasticity and intricate func-
tions, where their activity and density are notably pro-
nounced. Simultaneously, the hippocampus is abundant
in pattern-recognition receptors (PRRs) and cytokine re-
ceptors [56]. These receptors are predominantly located
in microglia, astrocytes, and neurons, rendering glial cells
and neurons in the hippocampus very vulnerable to inflam-
mation. Microglia influence hippocampal neuronal activ-
ity by releasing inflammatory substances and give rise to
the emergence of negative emotions by disrupting synap-
tic plasticity, namely LTP. Gaspar et al. [15] showed
that hippocampal microglia are activated in rats experienc-
ing depression and anxiety. Subsequent research revealed
that the inhibition of microglial activation averted harm
to LTP and mood disorders, but their activation replicated
anxiety-depression-like behaviors associated with nerve in-
jury. Chen’s team [57] discovered that asymmetric ac-
tivation of hippocampal microglia could induce anxiety-
depressive behaviors after neuralgia. The aforementioned
findings indicate that microglia can affect the functionality
and plasticity of hippocampal neurons by controlling the in-
flammatory response within the hippocampus [58]. Conse-
quently, microglia activation in the hippocampal area is es-
sential for anxiety and sadness resulting from chronic pain.

5.2 Effect of Microglia in the Hippocampus on its Neurons
Interactions occur between microglia and neurons in

the hippocampus. In mice exhibiting chronic inflamma-
tory pain and mood disorders, an increase in microglial
count in the hippocampus was observed, alongside a reduc-

tion in structural complexity and a diminished capacity for
metabolite clearance, which correlated with impaired hip-
pocampal neuronal function [59]. M1-type microglia not
only induce aberrant neuronal function but also decrease the
density of dendritic spines in hippocampal neurons. Liang
et al. [60] modeled chronic neuropathic pain in mice by
spinal nerve ligation, leading to the activation of microglia
in the hippocampus, which enhanced their pruning of neu-
ronal dendritic spines, resulting in a diminution in both
the aggregate length of dendritic spines and the number of
branches. Bassett et al. [61] showed that the hippocam-
pus microglia in depressed mice were activated and demon-
strated, in vitro, and that a substantial quantity of M1 mi-
croglia may stimulate hippocampal neuronal activity. M1-
type microglia were capable of inducing apoptosis in hip-
pocampal neurons, a behavior also observed in chronic pain
conditions. The activation of M1 microglia disrupts neu-
ronal synaptic plasticity by influencing synaptic structure
and apoptosis in the hippocampus, alterations that are also
critical characteristics of psychiatric illnesses [62]. The
aforementioned study illustrates that pain-induced polariza-
tion of M1 microglia primarily affects hippocampal neu-
ronal function and synaptic architecture. IncreasedM1 type
resulting from persistent painful stimuli leads to neuronal
death and disrupts synaptic plasticity, subsequently elicit-
ing unpleasant feelings.

5.3 Effect of Microglia in the Hippocampus on Its Synaptic
Plasticity

The synapse is the basic structure through which neu-
rons transmit information. When external signals are in-
coming, synaptic connections between neurons are dynam-
ically altered and persistent stimuli cause changes in synap-
tic function and structure, a process known as synaptic plas-
ticity. Synaptic plasticity within the hippocampus is associ-
ated with memory storage and chronic pain, and its trigger-
ing of negative emotions [63]. Synaptic plasticity is cate-
gorized into twomain forms, LTP and long-term depression
(LTD). There is bidirectional communication between mi-
croglia and synaptic structures, which respond to synaptic
release of neurotransmitters such as adenosine triphosphate
(ATP), glutamate (Glu), GABA [64], and excitatory neu-
rons, through the release of ATP. The excitatory neurons, by
releasing ATP, enhance the immunosurveillance function of
microglia [65]. Microglia also regulate synaptic plasticity
and maturation, and prune synapses by releasing BDNF, in-
flammatory factors, and immune complement [66]. BDNF
secreted by microglia has been shown to aid learning and
memory by affecting the formation of synaptic structure
[67], and its involvement in regulating synaptic plasticity
in the hippocampus may be related to the BDNF/tyrosine
receptor kinase B (TrkB)/extracellular signal-regulated ki-
nases (ERK) signaling pathway [68]. Physiologically, mi-
croglia in the hippocampus release ATP that binds to recep-
tors on astrocytes, causing excitatory postsynaptic poten-
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tials [69]. The inflammatory factors TNF-α or IL-1β, se-
creted bymicroglia, disrupt hippocampal LTP as well as de-
crease excitatory synaptic connectivity in the hippocampus
to maintain pain, causing memory and emotional deficits
[70]. One of the mechanisms may be that TNF-α inhibits
hippocampal LTP through activation of p38 and c-Jun N-
terminal kinase (JUN) signaling [71]. In addition, microglia
maintain neural circuitry by pruning synapses and remov-
ing redundant synaptic connections among CNS neurons
[72]. Microglia secrete complement component 1q (C1q)
that binds to a given synapse, cleaving complement comple-
ment component 3 (C3) on the surface of that synapse into
complement component 3a (C3a) and complement com-
ponent 3b (C3b). A product of C3b breakdown, inacti-
vated complement component 3b (iC3b), is recognized by
microglial receptor CR3, allowing the microglia to per-
form synaptic pruning in specific brain regions [73]. In a
model of chronic unpredictable mild stress, C3a is activated
first in hippocampal astrocytes, which causes activation of
complement component 3a receptor (C3aR) receptors on
microglia, and polarizes them toward M1 [74]. Synaptic
pruning induced by the hippocampal microglia-mediated
C1q/C3-CR3 complement pathway, in turn, triggers neu-
ritis and depression [75].

5.4 Influence of Microglia in the Hippocampus on its
Neurogenesis

Microglia can influence neurogenesis in the hip-
pocampus via phagocytosis and cytokine release in neona-
tal mice [76]. NSCs at different developmental stages
can establish contact with microglia. Microglia elimi-
nate apoptotic ANPs and neuronal cells through phagocy-
tosis to maintain the homeostasis of neurogenic nests [77].
Apoptotic neonatal GCs have been shown to be wrapped
around the ends of microglia protrusions to form “ball-
and-chain” structures that are phagocytosed and removed,
a process that is accompanied by increased expression of
inflammation-associated markers [77]. Microglia can also
influence the proliferation, differentiation, and survival of
newborn neurons by secreting different factors [76] and
Stratoulias et al. [78] showed that microglia expressing the
phagocytosis gene C-type lectin domain family 7 member
a (Clec7a) were only found in neurogenic areas. This sug-
gests that phagocytosis by microglia is important for the
maintenance of hippocampal neurogenesis. Researchers
created arthritic mice using complete Freund’s adjuvant
and discovered that chronic pain resulted in a significant
buildup of M1-type microglia in the hippocampus after 21
days, accompanied by a commensurate reduction in neu-
rogenesis within the hippocampus [79]. M1 microglia can
simultaneously decrease hippocampus neurogenesis by se-
creting IL-1β, IL-6, and TNF-α, bringing about cognitive
impairments [80]. Domínguez-Rivas et al. [81] established
that increased M1 microglia impaired hippocampal neuro-
genesis, adversely influencing LTP, resulting in diminished

BDNF levels and atypical learning and memory capabili-
ties. Compromised LTP in the hippocampus contributes to
the manifestation of depressive and fear emotions. Exten-
sive research has demonstrated that inflammatory factors
released by microglia during painful stimulation in animals
experiencing chronic stress [82] and peripheral inflamma-
tion [83] adversely affect hippocampal neuroplasticity and
neurogenesis, inhibiting the formation of new hippocampal
neurons and resulting in cognitive deficits, delirium, and
anxiety. Conversely, administering antidepressant and anti-
inflammatory medications to suppress microglial activity at
the onset of painful stimulation can ameliorate mood disor-
ders.

The emergence of mood disorders can be mitigated at
the cellular level. These studies have indicated that there is
a negative correlation between pain-induced M1 microglial
activation in the hippocampus and hippocampal neurogene-
sis, suggesting thatM1microglia may instigate mood disor-
ders by impairing neurogenesis and neuroplasticity, specif-
ically through the secretion of LTP and BDNF, which facil-
itates the onset and intensification of various negative emo-
tions.

5.5 Microglia-Astrocyte Interactions in the Hippocampus

The interaction of microglia and astrocytes in the hip-
pocampus is essential for the progression of neuroinflam-
mation (Fig. 2). Chronic pain results in heightened activa-
tion of hippocampal microglia and astrocytes, which inter-
act to sustain central inflammation and facilitate unpleasant
emotions [58]. Wu et al. [84] found that rats experienc-
ing visceral discomfort, associated with the development
of negative mood, had a notable rise in phenotypic markers
of both hippocampal astrocytes and microglia. Astrocytes
release the complement molecule C3, whereas microglial
membranes are equipped with the receptor C3aR for the ac-
tive fragment C3a. Consequently, the interaction between
astrocytes and microglia affects microglial polarization and
the emission of inflammatory cytokines via the C3/C3a-
C3aR signaling pathway. In chronically stressed mice, the
amplification of the C3/C3a-C3aR signaling pathway re-
sulted in the polarization of microglia to the M1 phenotype
and the secretion of the pro-inflammatory cytokines TNF-α
and IL-1β, which induces anxiety- and depression-like be-
haviors [85]. Furthermore, microglia secrete inflammatory
mediators via the Janus kinase 1 (JAK)/ signal transducer
and activator of transcription 3 (STAT3) signaling pathway,
which activates and promotes the proliferation of pericytes
and astrocytes, consequently compromising the blood-brain
barrier and increasing the vulnerability of the hippocampus
to peripheral toxins and inflammatory agents. Nascimento
et al. [86] found elevated levels of the hippocampus as-
trocyte marker GFAP and an enhanced expression of the
microglial marker Iba-1 in rats with chronic orofacial pain.

In summary, chronic pain-induced interactions be-
tween microglia and astrocytes not only provoke an inflam-
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matory response but also result in damage to the blood-
brain barrier. Microglia and astrocytes in the hippocam-
pus were demonstrated to interactively participate in the ad-
verse emotional response elicited by persistent pain.

Fig. 2. Interactions between microglia and astrocytes in the
hippocampus and their effects on hippocampal neurons. In-
formation is transmitted between astrocytes andmicroglia through
the release of cytokines and the pro-inflammatory factors they
produce can damage hippocampal neurons. Blue globules rep-
resent inflammatory mediators released by microglia (IL-1β,
Interleukin-1β; IL-6, Interleukin-6; TNF-α, Tumor Necrosis
Factor-α). Red globules represent active molecules released by
astrocytes (ROS, Reactive Oxygen Species; C3, Complement
Component 3; TNFR1, Tumor Necrosis Factor Receptor 1; C3aR,
Complement Component 3a Receptor). Fig. 2 was created using
WPS Office software applications.

6. Mechanisms of Microglial Activation
Associated with Pain-Related Emotions

Microglia significantly contribute to the formation of
painful feelings and are capable of producing proinflamma-
tory factors and chemokines, which are generated by path-
ways such as the nuclear transcription factor-κB (NF-κB),
mitogen-activated protein kinase (MAPK), and Src fam-
ily kinase pathways (SFKs). The MAPK pathway encom-
passes p38 mitogen-activated protein kinase (p38 MAPK),
JUN, and ERK. The hippocampus exhibits heightened sen-
sitivity to inflammatory stimuli. The influence of microglia
on hippocampal neurons is a pivotal factor in the emer-
gence of pain and emotion. They react to nociceptive stim-

uli through various molecular mechanisms, including the
use of the toll-like receptors TLR2 and TLR4, the ATP
receptors purinergic P2X ligand-gated ion channel 7 re-
ceptor (P2X7R) and P2X4R, and the chemokine receptors
CCR2 and C-X3-Cmotif chemokine receptor 1 (CX3CR1),
thereby initiating a cascade of central inflammation that af-
fects the function and structure of hippocampal neurons.

6.1 ATP Receptors
Purinergic receptors on microglia, including P2X4R,

P2X7R, and purinergic P2Y G protein-coupled 12 receptor
(P2Y12R), participate in the exchange of intracellular and
extracellular sodium and calcium ions. In circumstances
such as cellular injury or apoptosis, purinergic receptors
stimulate microglia through the binding of the extracellu-
lar signaling molecule ATP, which facilitates the phospho-
rylation of kinases within the intracellular MAPK signal-
ing pathway, as well as nucleotide-binding oligomeriza-
tion domain-like receptor protein 3 (NLRP3) and STAT3,
thereby affecting the expression of inflammation-related
genes and cytokines, resulting in neuroinflammation and
subsequent organismal nociceptive sensitization. The ac-
tivation of the P2X4R receptor can stimulate microglia to
release BDNF, augment excitatory postsynaptic currents
and glutamate release, influence neuronal depolarization
and synaptic plasticity, and mediate mechanical hypersen-
sitivity. The activation of P2X7R is linked to lysosomal
activity and the autophagy process, playing a role in in-
flammatory responses and nociception by influencing the
clearing of cellular waste by microglia [87] (Table 1, Ref.
[32,57,88,89]). Most P2X7 receptors in the hippocampus
are localized in microglia, where they are essential for mi-
croglial activation. Overexpression of P2X7 receptors en-
hances the permeability of microglial membranes, leading
to microglial hyperplasia, the secretion of inflammatory
factors, and subsequent neuronal injury. Suppression of
hippocampal P2X7R expression attenuates microglial ac-
tivation and proinflammatory factor release generated by
neuropathic pain, while also modifying hippocampal plas-
ticity anomalies and the emergence of pain-related emo-
tions. The phagocytosis of microglia is positively linked
with hippocampus neurogenesis. Experimental findings
[90] indicated that microglial phagocytosis is impaired
in animals lacking purinergic receptor P2Y12 and tumor-
associated macrophage tyrosine kinase receptor, resulting
in diminished hippocampal neurogenesis. Chronic pain af-
fects microglia and activates astrocytes; persistent stimula-
tion of microglia leads to their over-activation and the out-
put of substantial pro-inflammatory cytokines. This process
further induces the release of ATP from astrocytes, which
is then converted to adenosine by CD39, activating A2AR
and eliciting anxiety-like behavior [32].

7

https://www.imrpress.com


Table 1. ATP receptors associated with pain-related emotions.
Signaling molecule
(ATP receptor)

Animal species Animal model Behavioral tests Brain regions Empirical conclusion Ref.

P2X7R C57BL/6 mouse Establishment of neuropathic pain (NP)
model in chronic constriction injury (CCI)

Von Frey test, open field test
(OFT), tail suspension test (TST),

forced swimming test (FST)

Medial prefrontal
cortex, amygdala,
and hippocampus

P2X7R expression significantly
increased in the amygdala and
hippocampus, chronic pain,

depression

[88]

P2X7R Sprague Dawley (SD)
rats

The NP model of type 2 diabetes was
established by administering a diet rich in

sugars and fats, coupled with the injection of
streptozotocin

Mechanical withdrawal threshold
(MWT), FST, thermal withdrawal
latency (TWL), sucrose preference

test (SPT), OFT

Hippocampus P2X7R expression was greatly
amplified, hyperalgesia, allodynia,

depression

[89]

P2X7R Adult male and female
Wistar rats and male

C57BL/6 mice

Unilateral constriction of the infraorbital
nerve (CION) was performed to establish

trigeminal neuralgia in rat and mouse models

Von Frey test, assessment of cold
allodynia, OFT, elevated plus

maze (EPM), FST

Hippocampal CA1 P2X7R expression increased,
impairment of LTP,

anxiodepressive-like behaviors

[57]

A2AR Female and male
C57BL/6 mouse

The resembling trigeminal neuralgia mouse
model was constructed by chronic CION via

an intraoral approach

Von Frey test, EPM, OFT Ventral
hippocampus

(vCA1)

A2AR activation, chronic pain,
anxiety

[32]

P2X7R, purinergic P2X ligand-gated ion channel 7 receptor; CA1, cornu ammonis 1; A2AR, adenosine A2a receptor.

Table 2. Toll-like receptors associated with pain-related emotions.
Signaling molecule
(toll-like receptor)

Animal species Animal model Behavioral tests Brain regions Empirical conclusion Ref.

TLR4 Specific pathogen free
grade male BALB/c

mouse

Establishment of NP
model by unilateral
sciatic nerve cuffing

MWT, TWL, SPT, FST,
TST

Hippocampus Activation of TLR4/NF-κB signaling
pathway, chronic pain, depression

[91]

TLR4 Adult female SD rats Chronic migraine model Von Frey test, OFT,
y-maze test, light/dark

test (DLB)

Cortex and
hippocampus

TLR4/NF-κB/NLRP3 signaling pathway
is involved in pain and its anxiety-like
behaviors and cognitive impairment

[92]

TLR2 Female BALB/c mice
inoculated with breast

cancer cells

Cancer-induced pain
model

OFT, the semi-automatic
version tested by von

Frey test

Hippocampus TLR2 expression increased, chronic pain,
depression

[93]

NF-κB, nuclear transcription factor-κB; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3.

8

https://www.imrpress.com


Table 3. Chemokine receptors associated with pain-related emotions.
Signaling molecule
(chemokine receptor)

Animal species Animal model Behavioral tests Brain regions Empirical conclusion Ref.

CCR2 ICR male mice Establishment of NP
model by spinal nerve

ligation

Von Frey test, Hargreaves test,
FST, SPT

Nucleus accumbens
shell

Activation of CCL2/CCR2 signaling
pathway, chronic pain, depression

[98]

CCR2 Green fluorescent
protein transgenic mice

prepared by
bone-marrow
transplantation

Partial ligation of sciatic
nerve to establish NP

model

EPM, von Frey test Amygdala MCP-1 expression increases, CCR2
activation in bone marrow-derived
microglia, chronic pain, anxiety

[99]

CXCR4 C57BL/6 mice Partial ligation of sciatic
nerve to establish NP

model

Novel object recognition test Brain, particularly in the
hippocampus

CXCL12-CXCR4 pathway activation,
chronic pain, cognitive impairment

[100]

Prokineticin receptors
(PK-R)

Male C57BL/6J mice Peripheral neuropathy
induced by vincristine

Von Frey test, acetone drop test,
plantar test, OFT, marble burying
test, novelty suppressed feeding,

DLB, FST, SPT

Dorsal root ganglia,
spinal cord, prefrontal

cortex, and hippocampus

PK-R, TLR4, Cluster of Differentiation
68 (CD68), etc., expression was

enhanced in spinal cord, abnormal pain,
and nociceptive sensitization

[101]

ICR, institute of cancer research; MCP-1, monocyte chemoattractant protein-1; CXCR4, C-X-C motif chemokine receptor 4; CXCL12, C-X-C Motif Chemokine Ligand 12.
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6.2 Toll-Like Receptors

Toll-like receptors, particularly TLR4, are highly ex-
pressed as pattern-recognition receptors in microglia in the
hippocampus, where they participate in pain signaling and
are intricately associatedwith the emergence of pain-related
emotions (Table 2, Ref. [91–93]). The pro-inflammatory
effects of M1-type microglia initiate with the activation of
TLR4. The activation of TLR4 stimulates a cascade of
downstream signaling, including the activation of myeloid
differentiation factor 88, which then activates two princi-
pal pathways associated with inflammation: nuclear NF-
κB and MAPK [94]. The triggering of these signaling
pathways culminates in elevated levels of pro-inflammatory
proteins and chemokines in the hippocampus, intensifying
the inflammatory phenomenon. The awakening of TLR4 is
intricately linked to nociceptive sensitization and is vital for
the onset of neuropathic pain. Research indicates that the
absence or inhibition of TLR2 or TLR4 function diminishes
microglial activation and the discharge of pro-inflammatory
chemicals, hence mitigating neuropathic pain. Microglia
enhance TLR expression in astrocytes, which subsequently
release molecules like ATP, Glu, reactive oxygen species
(ROS), and NO, that modulate the survival and regenera-
tion of adjacent cells [95], including neurons, oligodendro-
cytes, and microglia, thereby contributing to the hippocam-
pal pathology associated with the maintenance of neuro-
pathic pain [96].

6.3 Chemokine Receptors

The chemokine C-X3-C motif chemokine ligand 1
(CX3CL1), and its receptor CX3CR1, have dual neuropro-
tective and neurotoxic effects on the central nervous sys-
tem. CX3CR1 serves as the principal chemokine recep-
tor on microglia, whereas CX3CL1 is mostly found in hip-
pocampal neurons. Their interaction modulates the migra-
tion and activation of microglia by stimulating the phos-
phorylation of p38 MAPK, hence disrupting microglial mi-
gration and activation [97], neuroinflammation, and affec-
tive pain. Inhibiting CX3CR1 expression mitigates these
effects, whereas elevating CX3CL1 expression stimulates
the release of pro-inflammatory molecules from microglia,
modifies synaptic transmission in neurons, boosts LTP, and
reduces the progression of pathological pain. In peripheral
nerve damage, the chemokine C-C motif chemokine lig-
and 2 (CCL2) binds to CCR2 on microglia, subsequently
activating microglia and facilitating neuropathic pain (Ta-
ble 3, Ref. [98–101]). It has been shown [2,102] that in-
creased expression of the chemokine monocyte chemoat-
tractant protein-1 (MCP-1, also known as CCL2) has been
found in the hippocampus of rodents in the chronic constric-
tion injury (CCI) model and that this change is accompa-
nied by alterations in emotional behaviors, such as pleasure
or drive to explore. Microglia regulate astrocytes through
the secretion of cytokines and chemokines, including CCL2
and C-X-C Motif Chemokine Ligand 12 (CXCL1), result-

ing in their hyperreactivity, which then induces injury or
apoptosis of neurons and oligodendrocytes.

In summary, microglia and their receptors in the hip-
pocampus are activated in different types of pain, which
seems to be a common pathway for pain-triggered emo-
tional disorders. However, different receptors are influ-
enced by the unique pathomechanisms of different pains,
and their specific effects will again vary. ATP receptor
activation on hippocampal microglia is involved in nega-
tive emotions triggered by various types of chronic neu-
ropathic pain, such as in diabetes mellitus or sciatic nerve
injuries, in which P2X7 receptor expression was found to
be significantly elevated and accompanied by the emer-
gence of depressive moods, and also in which the A2AR
receptor is associated with the anxiety-like moods induced
by trigeminal-nerve pain. In addition, the TLR4-mediated
NF-κB/MAPKs/NLRP3 signaling pathway is activated in
the hippocampus, which triggers chronic inflammatory pain
and an anxiety-like mood, but this receptor is also asso-
ciated with chronic neuropathic-pain-induced depression,
and NF-κB signaling is also involved. This seems to sug-
gest that the specific mechanism of action of the TLR4
and NF-κB signaling pathways in different types of chronic
pain and its associated mood disorders can be investigated
in more depth. The number of cancer patients is increas-
ing daily, and pain is a common symptom in cancer pa-
tients [103]. Because malignant tumors and their compli-
cations or tumor-specific chemotherapy is painful for pa-
tients, in the latter stages of the disease the patient’s qual-
ity of life is often not high; it is therefore very easy to de-
velop anxiety and depression [104], and to give up treat-
ment. TLR2 has been found to be associated with cancer
pain and concomitant depression, and it is worthwhile pre-
venting negative emotions from occurring while relieving
cancer pain by interfering with TLR2. As for chemokines,
CCL2, and its receptor CCR2, are very prominent in the
study of chronic pain, mainly focusing on chronic neuro-
pathic pain caused by nerve ligation, accompanied by anxi-
ety and depression-like mood. The TLR receptors, ATP re-
ceptors, and chemokine receptors linked to pain emotions
are prominently expressed in the hippocampus. An exami-
nation of power components revealed [105] that microglia
in the hippocampus exhibit heightened responsiveness to
stimuli. Consequently, microglia in the hippocampus also
exhibit heightened vulnerability to chronic pain stimuli, ini-
tiating a cascade of receptor activations that result in neu-
roinflammation within the hippocampus, subsequently con-
tributing to the emergence and progression of painful feel-
ings. By altering the activation of these receptors and af-
fecting the inflammatory response, additional modification
of pain and mood may result.

6.4 Metabolic Reprogramming

Glucose metabolism is the main source of energy pro-
duction in brain cells. Microglia metabolize glucose mainly
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through oxidative phosphorylation (OXPHOS) and glycol-
ysis pathways [106]. However, with the development of
cellular transcriptomics, microglia have been found to uti-
lize amino acids and fatty acids in addition to glucose [107],
and thus amino acids and fatty acids have become alternate
energy sources for microglia. Metabolic reprogramming is
considered to be a feature of activated microglia [107], and
the pro-inflammatory properties of microglia are accompa-
nied by a metabolic switch from OXPHOS to glycolysis
[108]. Stimulation of BV-2 microglia with LPS results in
an increase in lactate content and glycolysis, while inhibit-
ing ATP production by mitochondria [109]. Further treat-
ment with LPS+IFN-γ results in enhanced glucose con-
sumption and glycolysis by microglia [110], and produc-
tion of NO or cytokines by microglia is also dependent on
metabolically provided energy. Mitochondrial dysfunction
has been suggested to be a relevant factor in the produc-
tion of depressive-like behavior in neuropathic pain [111].
In addition, inflammatory stimuli induce microglia activa-
tion and prevent the formation of synaptic LTP, and inhi-
bition of metabolic changes in microglia using 2-Deoxy-
D-glucose (2-DG) (inhibitor of the glycolysis-limiting en-
zyme hexokinase) positively affects LTP formation [112].
Microglia respond to the metabolic challenge of external
stimuli through energy produced by gluconeogenesis [107],
amino acid metabolism, and lipid metabolism, a process
that would involve the formation of LTP with the release
of NO and cytokines. Pain and its accompanying nega-
tive emotions also involve these aspects, but the research on
metabolic reprogramming in microglia has also focused on
the field of neurodegenerative diseases [113] such as stroke,
Parkinson’s disease, and AD. There is still a gap in the re-
search on pain and emotions but studying the relationship
of pain and emotion has potentially great value.

7. Regulation of Hippocampal Microglia
Polarization Relieves Pain-Related Emotions

In animal models of pain that is associated with mood
disorders, microglial activation in the hippocampus results
in an imbalance in the aberrant M1/M2 ratio and the levels
of pro-inflammatory and anti-inflammatory factors. The el-
evated expression of inflammatory mediators promotes as-
trocyte activation, leading to hippocampal neuronal apop-
tosis, as well as disruptions in neurogenesis and synaptic
plasticity.

7.1 Regulation of Pain-Emotion-Related Receptors
Toll receptors play a significant role in pain-emotion

research; they are engaged in nociceptive signaling and
are linked to the development of anxiety symptoms related
to chronic pain. Inhibiting toll-like receptor signaling can
diminish microglia-induced neuroinflammation, hence de-
creasing anxiety associated with chronic pain. He et al.
[114] administered minocycline to the hippocampus of rats
with sciatic-nerve-constriction injury and observed that it
inhibited toll receptors, decreased the concentrations of pro-

inflammatory factors IL-1β and TNF-α in the brain, and
decreased the expression of M1-type phenotypic markers,
thereby alleviating thermal nociception symptoms in neu-
ropathic pain rats. Minocycline can inhibit the activation
of toll receptors in the hippocampus through either periph-
eral or central injection, successfully ameliorating neuro-
logical changes in the brain caused by inflammation, hence
enhancing mood and alleviating pain. Sun et al. [115]
found that minocycline, administered intraperitoneally and
intrahippocampally in rats with a stress-induced chronic-
pain model, suppressed microglial activation in the hip-
pocampus, thereby exerting a therapeutic effect on chronic
pain and associated anxiety-like behavior. The adenosine
receptor serves as a focal point in the investigation of pain-
emotion pathways; chronic pain induces its activation, lead-
ing microglia to create IL-1β, which mediates the disrup-
tion of LTP in the hippocampus, a process implicated in the
development of melancholy mood. For instance, Chen et
al. [57] observed that mice with trigeminal neuralgia exhib-
ited symptoms of anxiety and depressive symptoms. They
discovered that the activation of ATP/P2X7 receptors in mi-
croglia within the ipsilateral hippocampus triggered the re-
lease of IL-1β, which subsequently disrupted hippocampal
LTP and resulted in pain-related depressive behaviors. Fur-
thermore, the inhibition of ipsilateral hippocampal P2X7R
expression prevented microglial activation and IL-1β re-
lease induced by pain, thereby mitigating hippocampal LTP
damage and inhibiting the emergence of anxiety and depres-
sion. Lv et al. [32] further examined chronic trigeminal
neuralgia in mice and found that astrocytes and microglia in
the ventral hippocampal region were activated, resulting in
elevated extracellular ATP levels and increased expression
of A2A receptors, which facilitated the emergence of pain-
related depressive behaviors. Conversely, inhibiting astro-
cytes, microglia, and A2AR expression, using optogenetic
and relevant pharmaceutical agents, mitigated this depres-
sive behavior. In addition to the aforementioned receptors,
the involvement of chemokines and their receptors is crucial
in the manifestation of pain-related emotions; nonetheless,
current research on this subject remains in its nascent phase.
In the future, they may serve as prospective targets for the
treatment of emotional health disorders.

7.2 Regulation of the Microglia M1/M2 Ratio

Selective targeting of microglia M1 polarization ap-
pears to be a viable option, as in the case of minocycline ad-
ministration, a commonly used inhibitor of microglia M1-
type polarization [116,117], which exerts a palliative effect
on heat-sensitive symptoms [114] and anxiety behaviors
[115] in rats with neuropathic pain. In addition, minocy-
cline, when used on young rats in a model of neuropathic
pain [118], does not alleviate pain but improves anxiety and
depression-like behaviors and imparts anti-inflammatory
properties to the hippocampus. The authors of that article
suggested that the reason minocycline did not work on pain
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is because the dose used was too low. These studies suggest
that controlling the inflammatory response has a role to play
in pain and its accompanying emotions, but that a balance
between anti-inflammatory and pro-inflammatory effects in
the brain, and a reversal of central inflammation, are key.
Selectively targeting microglia without compromising their
essential functions is a key challenge. If appropriate drugs
are to be used to inhibit microglia M1 polarization for the
treatment of clinical pain and associated mood disorders,
the dose, toxicity, and mechanism of action of the drugs
used to produce the effect need to be considered. The equi-
librium between the M1-type and M2-type polarization of
microglia is essential for hippocampal neuronal homeosta-
sis. Han et al. [119] used a liver X receptor (LXR) ag-
onist on pain-induced mice to mobilize the Phosphatidyli-
nositol 3-Kinase (PI3K)/Protein Kinase B (AKT) signaling
pathway in the hippocampus, resulting in microglia pheno-
type transition from M1 to M2. This intervention elevated
the hippocampal expression of M2 phenotypic markers,
including macrophage mannose receptor (CD206), trans-
forming growth factor-β (TGF-β), and Arg-1, thereby en-
hancing the levels of hippocampal synaptic proteins tomod-
ulate synaptic plasticity in the hippocampus. Regulating
M1/M2 polarization can relieve pain-related mood. Dai
et al. [120] reduced pro-inflammatory factors in the hip-
pocampus by intraperitoneal administration of M1-type mi-
croglial cell inhibitors in rats suffering from chronic pain,
while simultaneously enhancing the expression of M2-type
microglial cell markers, specifically mannose receptor c-
type 1 (MRC1) and IL-10, which conferred neuroprotec-
tion in the hippocampus and alleviated pain. This proce-
dure provided a protective influence on hippocampal neu-
rons and diminished pain and depressive-like behaviors.

7.3 Regulation of Microglia and Astrocyte Activation
The polarization of M1-type microglia resulting from

pain also leads to the polarization of astrocytes, resulting
in an inflammatory cascade in the hippocampus; the sup-
pression of polarization appears to alleviate both pain and
mood disturbances. In one study [121] the activation of mi-
croglia and astrocytes was blocked by intranasal adminis-
tration of oxytocin in mice experiencing neuropathic pain
and depression, resulting in increased BDNF levels in the
hippocampus and preservation of synaptic plasticity, thus
ameliorating depressive mood. Liang et al. [122] found
that betaine administration in mice exhibiting chronic in-
flammatory pain suppressed the activation of microglia and
astrocytes, and produced a marked shift of both cell types
from pro-inflammatory to anti-inflammatory profiles. The
transition from a pro-inflammatory phenotype to an anti-
inflammatory phenotype occurred in both cases, accompa-
nied by a reduction in IL-1β and IL-6 levels in the hip-
pocampus and a rise in IL-10 concentrations, thereby reg-
ulating neuroinflammation and alleviating the depressive
mood in mice.

8. Discussion
Chronic pain inflicts not just physical suffering on pa-

tients but is frequently accompanied by distressing feelings
such as worry and depression, significantly affecting their
psychological and physical well-being and quality of life.
The hippocampus plays a crucial role in this process, being
engaged in both emotion and pain processing. Chronic pain
stimulation induces functional and structural alterations in
the hippocampus, particularly within the CA1 area, which
is crucial to pain-emotion studies. Moreover, study have in-
vestigated the correlation between the hippocampal dentate
gyrus [123] and pain-related emotions, which may serve as
a pertinent avenue for future research. Microglia modulate
neuronal and synaptic growth in the hippocampus by in-
teracting with neurons or releasing cytokines under normal
settings, hence affecting synapse formation and death. Con-
sequently, investigating the mechanisms of neuroinflam-
mation induced by microglia is essential for the examina-
tion of emotional impairments related to pain. The acti-
vation of microglia results in bidirectional effects on the
functional and structural alterations of hippocampal neu-
rons. Receptors like P2X7R, TLR4, and CCR2 are piv-
otal in microglial activation and the elicitation of pain re-
sponses. Recently, the LXR has garnered interest from re-
searchers [124] and a comprehensive examination of LXR
function in pain-related emotions may facilitate the inno-
vation of novel therapeutic options for the more effective
treatment of pain and associated mood disorders. Recent
research has indicated that microglia are an especially sig-
nificant target for the examination of pain-emotion models.
Therapeutic agents like minocycline or other interventions
can reestablish homeostasis within the hippocampal neu-
ronal environment by rectifying the abnormal activation of
microglia and equilibrating the M1 and M2 subtype ratio,
hencemitigating pain and emotional distress. However, mi-
croglia are sexually differentiated in pain and negative emo-
tions, and this difference can also have an impact on the ef-
fects of drugs, such as the use of microglia inhibitors, which
preferentially work in male mice, to block microglial acti-
vation to reduce neuropathic pain-induced injurious behav-
iors [125]. In addition, the effects of anxiolytic drugs in the
treatment of depression and anxiety are more pronounced in
males [126]. This indicates that modulating microglial ac-
tivation to manage neuroinflammation in the hippocampus
presents a superior therapeutic target for pain andmood dis-
orders in males. However, further comprehensive research
is required on the mechanisms of microglial genesis related
to pain emotions, along with the interactions among mi-
croglia, astrocytes, and neurons. Personalized treatments
tailored to the individual’s needs for the precise treatment
of chronic pain and the emotions it produces might be pos-
sible.
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9. Conclusion
Microglia, the primary innate immune cells of the cen-

tral nervous system, are the initial responders to nocicep-
tive stimuli. Chronic pain influences all facets of pain-
related emotional development by triggering cytokine re-
lease from microglia, which subsequently promotes abnor-
mal activation of astrocytes, perpetuating neuroinflamma-
tion in the hippocampus. Activated microglia results in
modifications to hippocampal synaptic structures, includ-
ing impaired LTP, neuronal death, and reduced neurogene-
sis, which are significant in the emergence of painful feel-
ings. The hyperactivation of hippocampal microglia is fun-
damental to these pathological events, indicating their sig-
nificant role in the mechanism of persistent pain associated
with unpleasant emotions.
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