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� Microglia interact directly/indirectly
with neurons, playing a crucial CNS
role.

� Microglia regulate key neuronal
functions such as synaptic pruning
and neurogenesis.

� Indirect microglia-neuron interaction
may via intermediate organs, cells, or
factors.

� Direct interaction is a compartment-
dependent membrane-membrane
contact.

� Understanding these signals provides
insights into fundamental brain
mechanisms.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 7 April 2023
Revised 5 October 2023
Accepted 6 January 2024
Available online 7 January 2024

Keywords:
Microglia
Neuron
Interaction
CNS
Molecular mechanisms
Neuroinflammation
a b s t r a c t

Background: The incessant communication that takes place between microglia and neurons is essential
the development, maintenance, and pathogenesis of the central nervous system (CNS). As mobile phago-
cytic cells, microglia serve a critical role in surveilling and scavenging the neuronal milieu to uphold
homeostasis.
Aim of review: This review aims to discuss the various mechanisms that govern the interaction between
microglia and neurons, from themolecular to the organ system level, and to highlight the importance of these
interactions in the development, maintenance, and pathogenesis of the CNS.
Key scientific concepts of review: Recent research has revealed that microglia-neuron interaction is vital for
regulating fundamental neuronal functions, such as synaptic pruning, axonal remodeling, and neurogenesis.
The reviewwill elucidate the intricate signaling pathways involved in these interactions, both direct and indi-
rect, to provide a better understanding of the fundamental mechanisms of brain function. Furthermore, gain-
ing insights into these signals could lead to the development of innovative therapies for neural disorders.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
tor; CR3,
, DNAX-
e-1; HD,
ase; PNS,
ssion of
icroglial

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2024.01.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jare.2024.01.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:taoww@njucm.edu.cn
https://doi.org/10.1016/j.jare.2024.01.006
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare


Y. Hu and W. Tao Journal of Advanced Research 66 (2024) 251–265
Contents
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

Microglia-neuron interaction under physiological and pathological conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
Synaptic pruning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
Axonal remodeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
Neurogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
Indirect microglia-neuron interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
Intermediate transmitter through other organs: Microbiota-gut-brain axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

Toll-like receptor 4 (TLR4) signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
Scfas-mediated and glucagon-like peptide-1 (GLP-1)-related signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
Intermediate cells: astrocytes, oligodendrocytes, and other immune cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
Multiple EGF-like domains 10 (MEGF10)/MERTK signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
Wnt/b-catenin signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

IL-33/ suppression of tumorigenicity 2 (ST2) signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

Janus kinase (JAK)/ signal transducer and activator of transcription (STAT1) signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

Intermediate soluble factors: Trophic factor, cytokines, and neurotransmitters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
BDNF/ tropomyosin receptor kinase B (TrkB) signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
IL-6 trans-signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
Extracellular-vehicles (EVs) shedding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
Direct microglia-neuron interaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
Microglia-Synapse/Dendrite interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
Classical complement pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
CD47- SIRPa signaling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
CX3CL1/CX3CR1 signaling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
CD200/CD200R signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
Microglia-soma interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
Purinergic signaling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
Microglia-AIS/axon interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
TREM2/DAP12 signaling pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

Conclusions and perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
CRediT authorship contribution statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Declaration of competing interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Introduction

Multiple aspects of fundamental brain functions, such as
synapse formation, neuronal signal transmission, and brain meta-
bolism, heavily rely on the intricate interaction between neurons
and resident macrophages of the central nervous system (CNS),
specifically the microglia [1–6]. This interaction takes place from
nano-scale molecules to meter-scale systems and manifests at dif-
ferent temporal and spatial scales [7,8]. In recent years, with the
emerging development of novel high-resolution in vivo imaging
tools and advanced molecular biological approaches, fine-tuned
intercellular communication between different compartments of
neurons and microglia could be directly detected [9]. Despite this
progress, many aspects of the effects and mechanisms of this inter-
action remain unknown.

Microglia are versatile glial cells of the myeloid lineage, with
highly branched and dynamic processes [10–12]. They modulate
brain function in multiple ways, ranging from immune processes
to glial-related actions under both physiological and pathological
conditions [13,14]. Microglial interaction with neurons occurs
across a broad spectrum, from the level of organ systems to indi-
vidual molecules [7]. For example, through the microbiota-gut-
brain axis, microglia can shape neuronal activity and regulate neu-
roinflammation via the humoral immune system and autoimmu-
nity loop [15–17]. However, much of this communication occur
in brain parenchyma, where microglia and neurons directly con-
tact each other via membrane-to-membrane interactions that
depend on cellular compartments [18,19]. In addition, within the
252
CNS, intercellular communication of these two cells via intermedi-
ate candidates, such as other types of cells (primarily astrocytes)
[20], cytokines [21], growth factors [22], or even cerebrospinal
fluid [23], are also important aspects to understanding the
microglia-neuron interaction in both health and disease.

In this Review, we aim to provide a comprehensive summary of
the current knowledge regarding both direct and indirect
microglia-neuron interaction in the context of CNS health and dis-
eases, along with the molecular mechanisms involved. Recognizing
the pivotal role of microglia-neuron interactions, we believe that
advancing our understanding in this area holds significant promise
for the development of therapeutic strategies in the treatment of
CNS diseases.
Microglia-neuron interaction under physiological and pathological
conditions

Traditionally, microglia are often considered to be tissue-
resident macrophages of the CNS to exert immune response and
clear cellular debris, however, beyond this, microglia are more
likely to play a surveillance or maintenance role in healthy CNS
and shape the activity of neurons [13,18,24–26]. With the increas-
ing development of sophisticated tools, the complex morphology
of microglia and neuron, as well as their direct membrane-to-
membrane contact have become increasingly unveiled [9,27]. In
this section, we briefly overview the known brain functions based
on microglia-neuron interaction, e.g., synaptic pruning, axonal



Fig. 1. Basic functions of microglia in microglia-neuron interaction. (A) Synaptic pruning. Highly ramified microglial processes transiently and repetitively contact with
synapses, enwrap above them, and then exert phagocytosis. (B) Axonal remodeling. Microglial processes are directly connected to the axons and participant in axonal
guidance and remodeling. (C) Neurogenesis. Microglia participate in prompting neurogenesis by phagocytosing apoptotic SGZ newborn cells, as well as releasing important
trophic factors. AIS, axon initial segment.
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remodeling, and neurogenesis, both in normal physiology and the
pathology of the CNS (Fig. 1).
Synaptic pruning

Synapses are the central part of developing neuronal circuits in
the CNS [28,29]. The selective elimination of synapses that occurs
in the broad region of the brain is called ‘‘synaptic pruning”, which
is thought to be necessary for the proper function of CNS [30].
Accumulating evidence has pointed to a key role of microglia in
synaptic pruning in various parts of the brain [31–37]. In the his-
tory of neuroscience, this phenomenon was first recognized by
Blinzinger and Kreutzberg in the late 1960s [38] and later defined
as synaptic elimination [28]. In recent years, scientists have found
that the microglial highly ramified processes transiently and repet-
itively contact with synapses in the different brain regions, e.g.,
somatosensory, and visual cortex under in vivo two-photon micro-
scopy [39,40]. By combining three-dimensional (3D) reconstruc-
tions obtained from serial section electron micrographs, a clearly
shown structure of microglial processes, pre- as well as postsynap-
tic elements can be captured [41]. In the absence of pathological
insult, the highly dynamic microglial processes exert a synaptic
pruning process in three steps: 1) contact (directly appose pre-,
post synaptic terminals or dendritic spines); 2) engulfment (en-
wrap the above structures); 3) phagocytosis (eliminate the debris),
to remove the excess synapses in controlling their number, thus
maintaining the hemostasis of CNS [31,32,42]. However, contrary
to the previous idea, microglia trogocytosis, -or nibbling of synap-
tic structures, not phagocytosis of entire synapses, has been con-
firmed by 3D Focused Ion Beam-Scanning Electron Microscope
(FIB-SEM) imaging in mice hippocampal region [43]. Under patho-
logical conditions, both microglia and neuron undergo transforma-
tions in response to the damage. Reactive microglia move toward
the site of damage (e.g., traumatic, ischemic, neurodegenerative
insults), and display a hyper-ramified morphology [44,45]. Micro-
glial processes can be retracted after hours to days of damage,
and form new motile protrusions showing amoeboid morphologi-
cal features [46,47], moreover, their duration of contact with
synapse are markedly prolonged after transient cerebral ischemia
[39]. In monocular deprivation model, after 2 or 4 days of depriva-
tion, microglia displayed high levels of both extension and retrac-
tion, increasing the interactions between their processes and
neuronal synapses in the visual cortex [48]. Signals flow bidirec-
tionally between microglia and neurons. For instance, in response
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to sensory lesions, layer IV excitatory neurons transmit signals to
microglia, triggering synaptic engulfment and trimming processes.
This bidirectional communication highlights the intricate relation-
ship between these cells in neural circuit regulation. [49]. When
infection and inflammation occur within the brain, for example,
Toxoplasma gondii infection, which may lead to a significant loss
of perisomatic synapses caused by active microglial phagocytose
[50]. It seems that during pathological insult, microglia mainly turn
into hyper-ramified or amoeboid morphology (rod microglia, dark
microglia, and dystrophic microglia are also described in other
studies [11]), their processes are extended to phagocyte the patho-
genic material and exert synaptic pruning of neuronal cells. Until
recently, the molecular cues regulating the morphological alter-
ations of microglia and the synaptic pruning and elimination dur-
ing pathological conditions were primarily centered around
fractalkine signaling and complement system, which will be fur-
ther discussed in the next section [49,51–55]. Nevertheless, the
deeper and panoramic view of molecular mechanisms involved is
yet to be elucidated.
Axonal remodeling

In mammalian CNS, both axons and dendrites are crucial for the
formation of neural circuits, but axons are much longer and thinner
than dendrites which gives rise to intricate and precise networks
essential for the function of CNS [56,57]. Aberrant axonal wiring
has been related to maniple neurological disorders, e.g., horizontal
gaze palsy with progressive scoliosis and congenital mirror move-
ments [58]. Moreover, brain or spinal cord injury usually induces a
rapid and significant loss of axons in the acute phase. Due to the
difficulties of axon regeneration in adult CNS, this damage often
causes permanent disabilities [59–61]. Numerous studies have
shown that microglia may participant in axonal guidance and
remodeling [62,63]. During the embryonic development stage,
the accumulation of microglia can be detected in dopaminergic
axons in the forebrain [64]. Microglia also contact with developing
axonal fibers in the corpus callosum, and altered microglial activity
may lead to defasciculation of dorsal callosal axons [65]. Later in
the period of postnatal development, microglia gathered towards
the sub cerebral and callosal projection axons and contribute to
their survival [66]. In the adult brain, in vivo evidence demon-
strated that microglial processes are directly connected to the
axons of hyperactive neurons and reduce membrane potential
relies on ATP release [67]. Microglia are also contributed to white
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matter regeneration and remyelination through their necroptosis
of certain proinflammatory populations [68,69]. Specifically, the
axon initial segment (AIS), located at the proximal axon interface
that has an amount of voltage-gated ion channels, is tightly associ-
ated with healthy brain functions [70–73]. Microglia that specifi-
cally associate with the AIS (a subpopulation of microglia named
AXIS), comprise � 8 % of the total cortical microglia, these micro-
glia mostly interact with cortical excitatory neurons, but are rarely
detected in the thalamus, striatum, or cerebellum [74]. Recently,
the morphogenesis of tripartite interactions among microglial pro-
cesses, pyramidal neuron AIS, and chandelier cell (cortical GABAer-
gic interneurons that form axon-axonic synapses exclusively onto
the AIS of pyramidal neuron [75]) cartridges/boutons are investi-
gated. Moreover, Ranvier is confirmed as a direct site of interaction
between microglia and axons. Thin microglial process tips with
nodes of Ranvier along myelinated fibers can be observed dynam-
ically [76]. In CNS disease, microglia-axon interactions are mostly
described in states such as traumatic brain injury (TBI), spinal cord
injury (SCI), and multiple sclerosis (MS). Following neural insults,
injury-activated microglia are mobilized to form a protective bar-
rier, orient neovasculature, and compact matrix [77]. In addition,
microglia can be a coordinator orchestrating efficient bridging
between the cut ends in SCI to induce scar-free spinal cord repair
[78], as well as controlling myelination after injury to promote
axonal regeneration [79]. However, other evidence showed that
activated microglia may not contribute to acute axon degeneration
[80] or even inhibit axonal outgrowth [81], suggesting a ‘‘double-
edged sword” effect of microglia in axonal remodeling. In future
studies, the dynamic alteration of temporal and spatial microglial
accumulation and the microglia-axon-interaction-related molecu-
lar mechanism such as myeloid cells 2 (TREM2)/DNAX-binding
protein of 12 kDa (DAP12) signaling [82,83] would be further
clarified.

Neurogenesis

Neurogenesis is a fetal-to-adult process crucial to maintaining
proper brain function [84]. During embryonic development,
sequential neurogenesis occurs and shapes the preconfigured
forms of adult network dynamics [85]. In this process, microglia
undergo substantial phenotypic, morphological, and functional
reprogramming to accommodate the needs of development in a
time-dependent manner: early microglia (until E14.5) mainly
engage in synapse pruning and neurogenesis, and later (E14.5 to
few weeks after birth) regulating brain homeostasis [86]. In the
adult hippocampus, it is widely accepted that new neurons are
generated throughout the mammalian lifespan in two regions:
the dentate gyrus (DG) in the hippocampus and the subventricular
zone (SGZ), to boost hippocampal plasticity. Due to the technical
limitations (e.g., only by three-photon microscopy, deep tissue
bioimaging of the hippocampus can be improved in vivo [87], or
by removing the overlying cortex to capture the hippocampal
imaging [88]), the evidence of direct membrane-to-membrane
contact of microglia and neuron is insufficient in adult neurogene-
sis. Studies applying a co-culture model of microglia and hip-
pocampal neurons showed that microglia may act as a mediator
balancing the proliferation and survival of neural cells through
the phagocytosis secretome, thus feeding the adult hippocampal
neurogenesis [89]. Indeed, microglia participate in prompting neu-
rogenesis through their release of important trophic factors such as
brain-derived neurotrophic factor (BDNF) [90] and protease serine
2 (PRSS2) [91], as well as cytokines (e.g., interleukin (IL)-6/sIL-6R
complex, not classical IL-6 signaling [92]). In parallel, microglia
are involved in phagocytosing apoptotic SGZ newborn cells to
maintain the homeostasis of the adult hippocampal neurogenesis,
moreover, these microglial phagocytic activity is not perturbed
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during LPS-induced acute inflammatory challenge [93]. Under
pathological conditions, adult hippocampal neurogenesis is
impaired in many neurodegenerative diseases [94], e.g., Parkin-
son’s disease (PD) [95], Huntington’s disease (HD) [96], and Alzhei-
mer’s disease (AD) [97], others such as depression are also involved
[98]. In these diseases, abnormal microglial phagocytosis not only
triggers astrogliosis [99] but also over-engulfs stem or progenitor
cells as well as immature neurons [84,100]. Moreover, reactive
microglia produce inflammatory cytokines that have a negative
effect on adult neurogenesis, such as tumor necrosis factor-alpha
(TNF-a) or IL-1b [101], however, more and more evidence sug-
gested a positive role in the inflammatory response, and these
cytokines [102,103], for example, TNF-a is capable of preserving
neural stem cells stemness in neurogenesis process [104]. From a
molecular point of view, several ‘eat-me’ and ‘don’t-eat-me’ sig-
nals, e.g., complement molecules, phosphatidylserine have been
demonstrated to modulate the phagocytic capacity of microglia
as well as mediate inflammatory response remains incompletely
explored [105].
Indirect microglia-neuron interactions

The interaction between microglia and neurons has a wide
spectrum and can be divided into indirect interactions
(i.e., through intermediate candidates) and direct interactions
(i.e., membrane-to-membrane contacts) [7] (Fig. 2). Intermediate
candidates may originate from other organs or different cell types
within the CNS. In this section, our focus centers on the
mechanisms governing both remote and local intercellular
communication between microglia and neurons, encompassing
the associated signaling pathways.
Intermediate transmitter through other organs: Microbiota-
gut-brain axis

Trillions of microorganisms coexist within the gut and act as
one of the key regulators of gut-brain function which are called
the ‘‘microbiota-gut-brain axis” [106]. Although this concept is rel-
atively new, it is widely accepted that microglia-neuron interac-
tion can be influenced by the resident microbiota [107]. Within
the CNS, microglial activity is governed in part by variations of
transmitters (e.g., 5-HT, BDNF, short-chain fatty acids (SCFAs)),
cytokines, and chemokines during systemic inflammatory pro-
cesses, factors that are, in turn, modulated by the microbiota
[16,108–110]. Altered microglial activity can, in consequence,
impact neuronal function. For instance, gut microbes produce
SCFAs, which modulate microglia and influence Parkinson’s disease
pathophysiology [109]. Additionally, gram-negative bacteria-
derived agents, such as LPS, induce microglial morphological
changes and dopamine receptor transcription reduction, further
decreasing methamphetamine craving after withdrawal [111]. In
a sleep-deprived mice model, pretreatment with SCFAs inhibited
microglial synaptic engulfment and prevented neuronal synaptic
loss, suggesting microbe-produced SCFAs may modulate the
microglial synaptic engulfment [112]. In parallel, microbiota
affects hippocampal neuronal activity in a vagus-dependent man-
ner [113], and vagus nerve stimulation reduces neuroinflammation
mediated by microglia [114]. As such, microbiota, an intermediate
candidate, exert bidirectional influence between microglia and
neuron mainly though the immune pathway and vagal pathway
[115]. These findings propose novel strategies for preventing brain
disorders by targeting the gut microbiota. The relatively well-
studied microbiota-mediated pathways that regulate microglia-
neuron interaction are as below (Fig. 3):



Fig. 2. Overview of indirect and direct microglia-neuron interaction. (A) Long-distance indirect communications between microglia and neurons through other organs,
mainly the gut. Within the CNS, indirect microglia-neuron interactions include (B) Communication through intermediate cells (e.g., astrocytes, oligodendrocytes, T cells) (C)
Interaction via soluble factors (e.g., peptides, trophic factors, neurotransmitters, extracellular vehicles, cytokines). (D) Direct membrane-membrane contacts between
microglia and neurons in a compartment-dependent manner. AIS, axon initial segment.
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Toll-like receptor 4 (TLR4) signaling

As a first discovered member of the TLR family, TLR4 is
expressed on microglia, astrocytes, and neurons in the brain, and
acts as a key role in neuroinflammation that can be activated by
exogenous and endogenous ligands such as LPS and PD-
associated a-synuclein [116]. Studies are increasingly demonstrat-
ing that TLR4 signaling participates not only in the local communi-
cation between microglia and neurons in the brain [117,118] but
also in remote interactions between these two cells though
microorganisms in the gut [116]. TLR4 activation mainly depends
on the classical myeloid differentiation factor 88 (MyD88) signal-
ing cascade, which further affects the subsequent expression of
NF-jB [119]. Although evidence of why gut microbiota alters in
PD patients is far from well elucidated, it is widely accepted that
pathological alterations of microbiota composition may induce
neuroinflammation by microbial excreted LPS due to gut leakiness,
circulating LPS cross the blood–brain barrier (BBB) into brain tis-
sues and further stimulates the TLR4 pathway [120]. In parallel,
under neuroinflammatory conditions like PD and AD, a-synuclein
(a-Syn) or Ab is reported to bind to TLR4 on the surface of micro-
glia and astrocytes to trigger the TLR4/NF-jB cascade, further
shaping the neuronal functions [121,122]. Suppression of this
pathway by fecal microbiota transplantation or administrated
compound FLZ could reduce neural inflammation, and benefit cog-
nitive impairment disorders [120,123–125].
Scfas-mediated and glucagon-like peptide-1 (GLP-1)-related signaling

SCFAs, small organic carboxylic acids with less than 7 carbon
atoms, are metabolites of fiber fermentation by gut microbiota that
can cross the BBB [126]. Studies demonstrated that the deficit of
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SCFAs due to fiber deficiency results in microbiota alteration, fur-
ther causing the inactivation of GPR41 and GRP43. The leaky gut
contributes to systemic immune response and further stimulates
hippocampal microglia to engulf synapses [127]. In a model of
PD, depletion of gut bacteria reduces microglia activation, while
SCFAs can modulate microglia morphology and promote motor
function [109]. Moreover, the administration of SCFAs affects
microglia morphology and visual cortical neuronal plasticity, while
depleting the microbiota blocks the plasticity [128]. GLP-1, a cru-
cial mediator under the regulation of gut microbiota and their
metabolites, can penetrate the brain, and bind with its receptor
GLP-1R. This interaction subsequently modulates neuroinflamma-
tion, influencing both microglia and neuron [129]. In the PD animal
model, GLP-1 analogs from the gut contribute to the inhibition of
microglia and reverse neuronal loss [130,131]. Therefore, both
SCFAs and GLP-1 can be microbiota-mediated intermediate candi-
dates that span the body to regulate microglia-neuron interaction.
Intermediate cells: astrocytes, oligodendrocytes, and other
immune cells

If we narrow our focus from the whole body down to the CNS,
communication between microglia and neuron can be indirectly
mediated by various intermediate cells such as astrocytes, oligo-
dendrocytes, and other immune cells (e.g., T cells) [132–134].
Abundant numbers of astrocytes provide trophic support for neu-
rons and other cells, maintain homeostasis in the CNS, and they
can be multicellular interaction hubs, bridging interactions over
microglia and neurons. Structurally, tripartite- and ‘‘quad-partite”
synapse has been detected among microglia, astrocytes, and neu-
rons [20,135]. Increasing evidence emphasizes that synapse
removal can be mediated by astrocytes or astrocytes-triggered



Fig. 3. Remote microglia-neuron interaction through microbiota-gut-brain axis and involved signaling pathways. The colonized microbes in the gut communicate with the
brain via the vagus nerve system and immune system, involving microbial metabolites such as short-chain fatty acids (SCFAs), and various transmitters (e.g., polyamines, and
amino acids). After crossing the BBB, the LPS and SCFAs may activate microglia to either release the cytokines to affect the state of neurons via TLR4 signaling or change the
morphology of the microglia to engulf the neuronal synapse via SCFAs-mediated signaling. In addition, GLP-1, regulated by gut microbiota, also contributes to remote
microglia-neuron interaction. ‘‘P” labeling is attached to the molecules that are phosphorylated due to signaling transduction. BBB, blood–brain barrier; GLP-1, Glucagon-like
peptide-1; GPR41, G protein-coupled receptor 41; GPR43, G protein-coupled receptor 43; IL-1b, interleukin 1 beta; LPS, Lipopolysaccharide; SCFAs: short-chain fatty acids;
TLR4, Toll-like receptor4; TNF-a, tumor necrosis factor alpha.
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microglia [136–138]. In parallel, a subtype of reactive astrocytes
can be induced by activated microglia and contribute to the death
of neurons and oligodendrocytes in neurodegenerative disorders
[132]. Another type of glia cell, oligodendrocytes, which contact
and wrap neuronal axons with myelin, can be regulated by micro-
glia. Studies showed that microglia phagocytose myelin sheaths
and may influence neuronal activity [83,139]. In response to brain
injury, microglia may influence brain-infiltrating immune cells
(e.g., neutrophil, B cell, and T cells), affecting immune-cell-
derived mediators on neuronal activity [140–143]. The intermedi-
ate cell’s relevant signaling pathways are listed (Fig. 4):
Multiple EGF-like domains 10 (MEGF10)/MERTK signaling

Growing evidence suggests that not only microglia but also
non-professional phagocytes, i.e., astrocytes participate in synapse
elimination [137]. In the adult hippocampus, astrocytes continu-
ously engulf both excitatory and inhibitory synapses, mediating
the clearance of apoptotic cells, and contributing to circuit home-
ostasis [138,144]. Astrocyte-mediated synapse pruning requires
MEGF10 and MERTK phagocytic pathways, and conditional knock-
out of phagocytic receptor MEGF10 in astrocytes inhibits synapse
elimination [138]. The MEGF10-mediated phagocytose of apop-
totic neurons can be triggered by C1q [144], which is produced
by microglia in the brain [145]. Moreover, the upregulation of
ATP binding cassette subfamily A member 1(ABCA1) contributes
to the phagocytic phenotype transformation of astrocytes, indicat-
ing that this mechanism may be related to cholesterol metabolism
[146–150]. In the ischemic stroke model, phagocytic astrocytes can
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be observed within the ischemic penumbra region [146], specifi-
cally deleting MEGF10 and MERTK phagocytic receptors in micro-
glia or astrocytes attenuated brain damage [151]. However, how
the astrocytic MEGF10/MERTK pathway influences microglia func-
tion and further contributes to microglia-neuron interaction is still
not fully understood, although the species-specific transcriptomic
profile shows that MEGF10 gene is strikingly enriched in microglia
[152].
Wnt/b-catenin signaling

Astrocyte–Wnt/b-catenin–microglia-dopaminergic (DAergic)
neurons crosstalk has been well-studied in PD and aging models
[95,153,154]. In inflamed PD or aged brains, activated microglia
secrete mediators (e.g., IL-1b) and act as a molecular switch that
active GSK-3b. On the contrary, astrocyte-derived Wnt1 inhibits
GSK-3b induced phosphorylation and degradation of b-catenin
[155]. In parallel, activated microglia may cause harmful conse-
quences for astrocytes [95]. In the subventricular zone (SVZ)
region, dysfunctional astrocyte-microglia interactions further inhi-
bit the activation of Wnt/b-catenin signaling in astrocytes, leading
to the reduction of Wnt/b-catenin-dependent neuronal plasticity
and neurogenesis [95]. Transcriptional profiling also suggests
potential involvement of the Wnt/b-catenin signaling pathway
may participate in the interaction between the vascular barrier in
the brain choroid plexus and intestinal inflammation. However,
further research is required to elucidate the underlying mecha-
nisms. [156].



Fig. 4. Local microglia-neuron interaction through intermediate cells and involved signaling pathways. (A) Astrocyte-mediated microglia-neuron interaction. Astrocytes
participate in microglia-neuron interaction through MEGF10/MERTK pathway, IL-33/ST2 pathway, and Wnt/b-catenin signaling pathway. (B) T cell-medicated microglia-
neuron interaction may be though JAK/STAT signaling. ABCA1, ATP binding cassette subfamily A member 1; AKT, protein kinase B; APC, adenomatous polyposis coli; CCL2,
monocyte chemoattractant protein-1; IFNc, interferon-gamma; IL-33, interleukin 33; JAK, Janus kinase; LRP5/6, lipoprotein receptor-related protein; MEGF10, Multiple EGF-
like domains 10; MERTK, MER Proto-Oncogene tyrosine kinase; ST2, suppression of tumorigenicity 2; STAT, signal transducer and activator of transcription; TCL/LEF, b-
catenin-T-cell factor/lymphoid enhancer-binding factor.
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IL-33/ suppression of tumorigenicity 2 (ST2) signaling
IL-33, a member of the IL-1 cytokine family, is generally

released from nuclear stores after tissue damage as an alarmin
and binds to its unique co-receptor ST2 (also known as IL-1RL1)
[157]. IL-33 is highly expressed in hippocampal neurons, gray mat-
ter astrocytes, and mature oligodendrocytes[158 159,160]. During
early postnatal development, IL-33 is expressed by developing
astrocytes in the thalamus and spinal cord and promotes ST2-
bearing microglial phagocytic abilities to trim redundant synapses
to help form neural circuits [161]. This astrocyte-derived IL-33
mechanism has relied on microglial mitochondrial metabolism
and AKT activity [162]. Furthermore, aging-related neuronal IL-
33 loss reduces microglial engulfment of the extracellular matrix
(ECM), leading to the accumulation of perisynaptic ECM. In recent
years, IL-33/ST2 signaling cascade has attracted much attention in
brain inflammatory disease and neurocognitive disorders [163–
166]. These findings not only provide new evidence of astrocyte-
medicated microglia-neuron communication but also help to
develop promising tools and approaches for cognitive repair.
Janus kinase (JAK)/ signal transducer and activator of
transcription (STAT1) signaling

The JAK/STAT is the predominant cytokines-stimulated signal-
ing pathway that is critical for inflammatory and immune
responses in CNS [167]. There are four JAKs (i.e., JAK1, JAK2,
JAK3, and TYK2), and seven STATs (i.e., STAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b, and STAT6) have been identified [168].
Studies demonstrated that residential CD4+ T cells in the brain
are required for microglia maturation and proper synaptic pruning
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[169]. In the PD model, JAK/STAT pathway can be activated by a-
Syn in microglia, whereas inhibition of this pathway can reduce
the infiltration of CD4+ T cells and further attenuate neuroinflam-
mation and neurodegeneration [170]. Under the neuroinflamma-
tory state, neuronal JAK-STAT1 signaling is essential for CD8+ T
cell-mediated synaptic stripping, causing alteration of downstream
CCL2 and further influence microglia-mediated synaptic loss [140].
Intermediate soluble factors: Trophic factor, cytokines, and
neurotransmitters

Microglia-neuron crosstalk is also indirectly influenced by sol-
uble factors including trophic factors (e.g., BDNF), cytokines (e.g.,
IL-6, TNF-a, IL-10), and neurotransmitters (e.g., glutamate, GABA)
[21,92,171]. These factors are capable of modulating the larger
number of cells but in a target-specific manner. Usually, microglia
release trophic factors and cytokines toward neurons to shape neu-
ronal activity [172], whereas neurons regulate microglial function
by outputting mediators like purinergic metabolites or neurotrans-
mitters [173,174]. Several classical or newly studied signaling
pathways are involved in soluble factor-dependent microglia-
neuron interaction (Fig. 5):
BDNF/ tropomyosin receptor kinase B (TrkB) signaling
Microglial BDNF is an important mediator of microglia-neuron

interaction via its receptor TrkB [175]. BDNF can be released from
microglia by ATP- stimulation, and signals pass through lamina I
neurons, causing the shift in neuronal anion gradient [172]. Condi-
tional removal of BDNF from microglia alters synaptic protein
levels and glutamatergic synaptic function via the TrkB signaling



Fig. 5. Local microglia-neuron interaction through intermediate soluble factors and involved signaling pathways. Most intermediate soluble factors that contribute to
microglia-neuron interaction come from microglia. The involved signaling includes BDNF/TrkB signaling, IL-6 trans-signaling, and EVs. ‘‘P” labeling is attached to the
molecules that are phosphorylated due to signaling transduction. Akt, protein kinase B; BDNF, brain-derived neurotrophic factor; CaMKII, Calcium-calmodulin-dependent
protein kinase II; CREB, cAMP response element binding protein; ERK, extracellular-signal-regulated kinase; EVs, Extracellular-vehicles; Gab1, Grb2 associated binder-1;
Grb2, growth factor receptor bound protein 2; IL-6, interleukin 6; MEK, MAP kinase-ERK kinase; PI3K, Phosphoinositide 3-kinase; PLCc, phospholipase C-c; TrkB,
tropomyosin receptor kinase B.
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pathway, thus reducing synaptic structural plasticity associated
with learning [22]. Moreover, selective ablation of microglial BDNF
influences newborn immature neuron survival in the DG region
under injured/inflammatory conditions [176]. This mechanism is
further elucidated to be dependent on IL4, suggesting that micro-
glial reprogramming can modulate hippocampal neurogenesis via
the BDNF/TrkB pathway. In addition, after brain ischemia, micro-
glia may release BDNF to downregulate glutamatergic and GABAer-
gic synapses partly through TrkB receptors, suggesting its negative
effect on ischemic brain damage [177].
IL-6 trans-signaling
The cytokine IL-6 is produced in the brain during infection or

neuroinflammation and exerts its function after binding to either
membrane-bound IL-6 receptor via classical signaling, or soluble
IL-6 receptor (sIL-6R) through trans-signaling [178]. IL-6 binds to
sIL-6R in the extracellular matrix to form IL-6/sIL-6R complex
and is further combined with membrane-bound gp130 subunits
[179]. IL-6 is either produced by neurons or microglia [180],
whereas the most endogenous sources of sIL-6R are produced by
microglia in an ADAM10/17-protease-dependent manner [181].
Recent studies demonstrated that IL-6 trans-signaling rather than
classical IL-6 signaling is responsible for neurocognitive alteration
and neurogenesis in the hippocampus [92,182]. In the TBI model,
repopulating microglia positively induce IL-6 in hippocampal gran-
ule neurons and mediates neuroprotection via IL-6 trans-signaling
[92]. Moreover, microglial-driven IL-6 triggers toxic neuronal ion
sequestration may also be through IL-6 trans-signaling in PD [183].
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Extracellular-vehicles (EVs) shedding
Microglia and neuron can communicate with each other by

shedding EV, a lipid bilayer membrane-enclosed nanoscale particle
that is produced within CNS [184,185]. EVs are usually divided into
exosomes (originate from the endosomal trafficking system, size:
0.03–0.1 lm) and microvesicles (originate from the plasma mem-
brane, size: 0.1–1 lm). In brain tissue, microglial EV may carry
and deliver heterogeneous contents such as DNA, mRNAs, micro-
RNAs (miRNA), circRNAs, and lipids [184]. In AD, microglia may
facilitate tau protein propagation between neurons via exosomes
that contribute to the progression of AD tauopathy [186], this pro-
cess can be regulated by TREM2 expression in microglia [187,188].
In the context of bidirectional microglia-neuron interaction, the
neuron may also secrete exosomes containing miRNAs to regulate
microglial polarization during the neuroinflammation process
[185].
Direct microglia-neuron interaction
The form of direct communication between microglia and neu-

ron is described as membrane-membrane interactions [7]. The
membrane proteins located on opposing surfaces of microglia
and neurons contact each other and trigger intracellular signaling
cascades in a more rapid and sophisticated way. Given the dynamic
and highly motile processes of microglia, which align with the
complex, extensively branched structure of neurons, these mem-
brane interactions occur extensively throughout the CNS, con-
tributing significantly to normal brain development and
homeostasis [18,189]. In this section, direct microglia-neuron
interactions based on sub-neuronal compartment segmentation



Fig. 6. Compartment-dependent direct microglia-neuron interaction. (A) complement system C3, C1q; CD47/SIRPa, CX3CL1/CX3CR1, and CD200/CD200R signaling have been
confirmed play essential roles in microglia-synapse/dendrite interactions. (B) Microglia-soma interactions have complicated structures involving microglial P2Y12Rs,
neuronal anchored mitochondria, endoplasmic reticulum plasma membrane, mitochondrion-derived vesicles, as well as Kv2.1 and Kv2.2 proteins. The specialized structure
has been confirmed in a study (Csaba Cserép et al, 2020)[9]. (C) Microglial TREM2 senses anionic lipids and Ab in AD pathology. TREM2/DAP12 contributes to protecting
against damage-associated demyelination. However, the localization of involved molecular elements has not yet been confirmed. AIS, axon initial segment; DAP12, DNAX-
binding protein of 12 kDa; SIRPa, signal-regulatory protein-a; TOM20, translocase Of Outer Mitochondrial Membrane 20; TREM2, triggering receptor expressed on myeloid
cells 2.
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(microglia-synapse/dendrite, microglia-soma, and microglia-AIS/
axon interactions) and associated signaling pathways are discussed
(Fig. 6).
Microglia-Synapse/Dendrite interactions
Microglia-synapse/dendrite interactions are the most well-

studied direct-contact part between two cell types. Microglial fine
processes interacting with synaptic boutons, synaptic spines,
synaptic clefts, or dendritic shafts have been confirmed by electron
microscopy, in vivo 2-photon, or multiphoton microscopy
[36,41,190]. Microglia-synapse/dendrites contacts have largely
focused on surface receptors that are expressed by microglia or
neurons, e.g., complement component receptor 3 (CR3, also known
as CD11b), and fractalkine receptor CX3CR1 [51,191]. Although
there is a lack of evidence showing that several receptor proteins
are specifically only localized in synapses, signaling pathways such
as the CD47/signal-regulatory protein-a (SIRPa) C-X3-C Motif Che-
mokine Ligand 1 (CX3CL1)/CX3CR1, and CD200/CD200R pathways
are essential players in microglia- synapse/dendrite interactions.
Classical complement pathway
The complement system is comprehensive of a large family of

membrane and circulating proteins that are expressed in neurons
and glial cells in the CNS [192]. The classical complement cascade
components C3 and C1q localize to synapses, while microglia
express high levels of C1q and C3 receptors (C1qR and CR3)
[55,192]. C1q is the initiating protein of the classical complement
cascade and can trigger the deposition of the downstream comple-
ment protein C3, leading to synapse elimination in neural develop-
ment and neural circuit formation [4,55,145,192]. Neuronal C1q is
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normally downregulated in the adult CNS, during brain injury, C1q
can be highly expressed surrounding the injury site and localized
at synaptic terminals, causing microglia-mediated synaptic engulf-
ment [34,193]. Moreover, C1q is also produced by thalamic micro-
glia, which are situated in regions where neuronal loss is observed
[194]. In the AD animal model, the accumulation of C1q is neces-
sary for the toxic effects of Ab oligomers and may lead to patholog-
ical synaptic pruning by microglia. Inhibition of complement
cascade (e.g., C1q, C3, or microglial complement receptor CR3), or
administration of C1q-blocking antibody may rescue synapse den-
sity and prevent the phagocytic microglia-mediated synapse loss
[145,195].
CD47- SIRPa signaling
Unlike the C1q and C3 signal that sends ‘‘eat me” promote

synapses elimination, another class of molecules, CD47 and its
receptor SIRPa (also known as CD172a), acts as a ‘don’t eat me’ sig-
nal to counterbalance the effects of ‘‘eat me” signals that protect
synapses from excess microglia-mediated pruning [196–198].
CD47 has been shown to localize to active presynaptic boutons
[199], while its receptor SIRPa has been observed on both micro-
glia and neurons in the CNS [200]. Neuronal CD47 in the dorsal lat-
eral geniculate nucleus (dLGN) of the thalamus inhibits excess
microglial phagocytosis by interacting with microglial SIRPa, and
lack of CD47 leads to increased functional pruning and reductions
in synapse number [199]. In parallel, neuronal SIRPa, located
presynaptically, is also confirmed as a permissive cue for microglial
phagocytosis by limiting microglial SIRPa access to neuronal CD47
[201].
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CX3CL1/CX3CR1 signaling
CX3CL1 is the sole member of the CX3C family of chemokines

that are expressed as a transmembrane protein in healthy neurons.
Its unique receptor, CX3CR1, is highly expressed on the surface of
microglia [202]. CX3CL1/CX3CR1 axis has been strongly implicated
as having an essential role in microglia-synapse interaction, how-
ever, their localization is not yet confirmed specifically at these
sites. During postnatal development, microglial CX3CR1 is required
for the survival of layer V cortical neurons and callosal projection
neurons to form neural circuits [66]. Moreover, microglial morpho-
dynamics and microglia-spine contacts are modulated by neuronal
activity through CX3CR1 signaling [203]. Interactions between
CX3CL1 and CX3CR1 contribute to microglia-mediated engulfment
of thalamocortical synapses via ADAM10 [49]. In neurodegenera-
tive diseases like AD, microglial CX3CR1 deficiency may prevent
layer III neuron loss [202], cause expansion of microglia coverage,
and reduce neuritic dystrophy [204]. However, other studies
showed that microglial CX3CR1-deficient mice have less spine
number in adult-born neurons [205], decreased hippocampal neu-
rogenesis, and impaired cognitive function [53].

CD200/CD200R signaling
Microglia-neuron communication is allowed also by the contact

between the neuronal CD200 and its microglial receptor CD200R
[206–208]. CD200 is a glycosylated membrane protein that is
expressed on the surface of a wide variety of cells such as neural
and endothelial cells. Conversely, CD200R is constitutively
expressed primarily on myeloid lineage cells, such as microglia in
the CNS and macrophages in the peripheral nervous system
(PNS) [209,210]. During early postnatal development, CD200 is
detected colocalized with presynaptic marker vGlut2 and postsy-
naptic marker Homer in vivo, indicating its functional potential in
synaptic formation [211]. Although CD200-CD200R signals have
not yet been confirmed that only pass through microglia-synapse
interaction, this system may serve an important role in inflamma-
tory reactions that affect synaptic plasticity and neurogenesis
[212–214]. Deficiency of CD200 or blockade of CD200R to attenu-
ate CD200-CD200R interaction cause increased microglial activa-
tion and neurodegeneration in the PD animal model [215], while
CD200R agonist attenuates glial activation that suppresses neu-
roinflammatory reactions in neuropathic pain model [216].

Microglia-soma interactions
Microglial processes have been detected in contact with cortical

layer 2–3 neurons of neural soma in mice that persist for 25 min,
which is much longer than microglia-dendritic contact [9].
Microglia-soma junctions possess a specialized nanoarchitecture:
neuronal mitochondria are anchored to neuronal cytoplasm, along
with reticular membrane structures, and purinergic and
mitochondrion-derived vesicles. Within the contact sites, Kv2.1-
immunogold clusters, vesicular nucleotide transporter, and lysoso-
mal marker LAMP1 are also enriched (Fig. 6, middle panel). These
structures have been detected with transmission electron micro-
scopy, in vivo 2-Photon microscopy, and confocal laser scanning
microscopy (CLSM) [9]. Purinergic signaling, especially the micro-
glial P2Y12 receptor-associated mechanisms are closely involved
in microglia-soma interactions.

Purinergic signaling
Purinergic receptors, many of which are highly expressed by

microglia mainly include P2X ionotropic (e.g., P2X4, P2X7) [217–
219] and P2Y metabotropic purinergic receptors (e.g., P2Y6,
P2Y12, P2Y13) [220,221]. Among these receptors, P2Y6 receptors
are activated by uridine diphosphate (UDP) and upregulated when
neurons are damaged or stressed [222]. Deficiency of microglial
P2Y6 receptors prevents Tau-induced neuronal and memory loss
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in the ADmodel [223]. In the CNS, the most well-studied microglial
P2X receptors are P2Y12 receptors, which can be activated by ade-
nosine triphosphate (ATP) or ADP released from the damage site by
neural cells [224], and further control microglia motility toward
these damaged areas as well as recruit monocytes [48,225,226].
P2Y12 receptors are located on the tip of large processes called
filopodia, their activation triggers large processes extension with
bulbous tips via a cAMP-dependent mechanism [227,228]. They
are also able to potentiate tonically-active K+ microglial channel
(THIK-1) signals, further affecting membrane potential, surveil-
lance, and cytokine release [229]. Somatic microglia-neuron junc-
tions are closely associated with microglial P2Y12 receptors that
are linked to the metabolic activity of neuronal mitochondria [9].
In pathology, an absence of P2Y12 receptor signaling leads to an
increased area of functional disconnection, enhanced seizure
severity, and the limited extent of neurogenesis, and sprouting
[230,231].

Microglia-AIS/axon interactions
Microglia-AIS/Axon contacts appear early in development and

persist throughout adulthood across various species [63,232].
Microglial processes recruited to AISs, prevent direct membrane-
membrane contact because no subcellular organelle is specifically
localized at these sites [74]. Microglia-axon interaction is essential
to maintain myelin integrity in the CNS, and support brain func-
tions such as cognition. From a molecular point of view, triggering
receptor expressed on TREM2/DAP12 signaling have been mainly
connected functionally to microglia-axon interactions in several
disease models such as AD and TBI, however, the localization of
these molecular elements at these specific sites needs to be further
clarified.

TREM2/DAP12 signaling pathway
In the CNS, the TREM2 gene is specifically expressed by micro-

glia, while its adaptor protein DAP12 is required for cell surface
expression of TREM2 via electrostatic interaction within the trans-
membrane domains [233]. TREM2-DAP12 complex regulates vari-
ous downstream signaling and cell process, here we only discuss
the axonal-related function. microglial TREM2 regulates Apoe
genes, contributes to lipid metabolism and myelin contains physi-
ologically [234]. Pathologically, microglial TREM2 is closely associ-
ated with AD progression [235,236]. In this scenario, microglia
processes with specialized protrusions rich in TREM2/DAP12,
tightly surround early amyloid fibrils and compact plaques. Defi-
ciency of TREM2 in microglia impairs microglial metabolism,
increases autophagy [237], enhances tau seeding and spreading
[238], and leads to axonal dystrophy around amyloid deposits [82].
Conclusions and perspectives

The communication between microglia and neurons in the CNS
is a complex process that involves a wide range of intermediate
organs/cells, soluble factors, and membrane-to-membrane contact.
Under both physiological and pathological conditions, microglia, in
addition to their key role as immune sentinels, have emerged as
multi-functional glial cells profoundly influencing neuronal out-
comes in various aspects, including synaptic pruning, axonal
remodeling, and neurogenesis. In different disease models, the
interaction between these two cell types interferes with specific
signaling pathways, highlighting the significance of this relation-
ship in the pathophysiology of CNS disorders. Additional research
is needed to comprehensively understand compartment-specific
interactions between microglia and neurons. The precise localiza-
tion of compartment-specific key molecules of microglia or neu-
rons needs to be further investigated in vivo using innovative
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techniques to better understand this complex interplay. Addition-
ally, the highly heterogeneous, region- and disease-specific micro-
glial cells, alongside their yet undiscovered functions and their
interplay with neuronal cells, demand further scrutiny. The rapid
growth in our understanding of the crosstalk between microglia
and neurons in the CNS may eventually lead to the discovery of
more precise and effective therapeutic options for CNS disorders.
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