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Microglia are brain resident macrophages, which actively survey the surrounding
microenvironment and promote tissue homeostasis under physiological conditions.
During this process, microglia participate in synaptic remodeling, neurogenesis,
elimination of unwanted neurons and cellular debris. The complex interplay between
microglia and neurons drives the formation of functional neuronal connections and
maintains an optimal neural network. However, activation of microglia induced by
chronic inflammation increases synaptic phagocytosis and leads to neuronal impairment
or death. Microglial dysfunction is implicated in almost all brain diseases and leads
to long-lasting functional deficiency, such as hippocampus-related cognitive decline
and hypothalamus-associated energy imbalance (i.e., obesity). High-fat diet (HFD)
consumption triggers mediobasal hypothalamic microglial activation and inflammation.
Moreover, HFD-induced inflammation results in cognitive deficits by triggering
hippocampal microglial activation. Here, we have summarized the current knowledge
of microglial characteristics and biological functions and also reviewed the molecular
mechanism of microglia in shaping neural circuitries mainly related to cognition and
energy balance in homeostatic and diet-induced inflammatory conditions.
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INTRODUCTION

Microglia are derived from primitive myeloid progenitors in the early fetal development stage
and distribute throughout the central nervous system (CNS) parenchyma (Ginhoux et al., 2010).
Since the formation of the blood-brain barrier (BBB), microglia are isolated from the periphery
under normal conditions (Mildner et al., 2007). They are longevity and self-renewal cells, with
a low turnover rate under homeostatic conditions across the lifespan (Fuger et al., 2017). The
development, proliferation, maintenance, and survival of microglia mainly depend on colony-
stimulating factor 1 (CSF1), which is secreted by neurons, as well as glial cells (Elmore et al., 2014).
Microglia constitute approximately 10% of all cells in the rodent brain and their density shows a
wide variation between different brain regions (Tan et al., 2020). The volume of the cell body and
the length and complexity of the processes in microglia are changeable and closely related to their
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function (Streit et al., 1999; Ayoub and Salm, 2003; Fernandez-
Arjona etal., 2017; Ayata et al., 2018). Microglia are highly motile
cells and the brain parenchyma can be completely screened by
resting microglia every few hours in the homeostatic mouse brain
(Nimmerjahn et al., 2005).

As the brain’s resident macrophages, microglia serve as the
scavengers to maintain the brain’s homeostasis, such as the
engulfment of cellular debris and dead cells (Colonna and
Butovsky, 2017). Microglia continuously extend and retract their
highly ramified processes to survey the surrounding synapses,
and play a crucial role in shaping and maintaining the optimal
synaptic network (Wake et al., 2009; Paolicelli et al., 2011; Ji
et al,, 2013; Wu et al,, 2015; Gao et al.,, 2018). The neural
circuit is highly dynamic, including new synaptic formation,
synaptic strengthening, and selective synaptic elimination (Hua
and Smith, 2004; Caroni et al, 2014). The pruning of
the inappropriate or weak synapses is a necessary process
for appropriate brain connectivity, which strengthens more
productive connections and efficient neural networks (Caroni
et al., 2014; Jiang and Nardelli, 2016). Microglia phagocytosis
plays an important role in the process of synaptic maturation
(Paolicelli et al, 2011; Schafer et al, 2012). Additionally,
microglia are involved in synaptic formation and neurogenesis
in the brain (Miyamoto et al,, 2016; Weinhard et al., 2018).
According to these functions, microglia play a critical role
in learning and memory processes and control of energy
homeostasis (Paolicelli et al., 2011; Garcia-Caceres et al., 2019).

Furthermore, microglia are innate immune cells of the brain,
which defend against infectious agents, neuronal damage, and the
pathogenic protein aggregates produced in neurodegenerative
diseases by phagocytosing and initiating immune responses
(Gonzalez-Scarano and Baltuch, 1999; Aloisi, 2001; Davalos et al.,
2005; Subhramanyam et al., 2019). To deal with these situations,
microglia produce pro-inflammatory cytokines (TNFa, IL-
18, and IL-6), chemokine ligand 2 (CCL2), superoxide,
reactive oxygen species (ROS), nitric oxide (NO), and matrix
metallopeptidase 12 (MMP12), which subsequently induce
inflammation, neuronal loss, and brain damage. Microglia
also produce anti-inflammatory cytokines (IL-10 and IL-4)
to facilitate phagocytosis of cell debris and promote the
reconstruction of the extracellular matrix (ECM) and tissue
repair (Sarlus and Heneka, 2017; Subhramanyam et al., 2019).
Additionally, microglia secrete neurotrophic factors, such as
brain-derived neurotrophic factor (BDNF), transforming growth
factor-beta 1 (TGF-B), and insulin-like growth factor 1 (IGF-1)
to support neuronal health and survival (Coull et al., 2005; Olah
et al., 2011; Walker et al., 2014; Orihuela et al., 2016).

Besides, microglia express a variety of inducible receptors
that regulate immune response and phagocytosis of microglia,
promote migration, and modulate neural networks (Aloisi,
2001; Hickman et al., 2018; Das and Chinnathambi, 2019;
Subhramanyam et al., 2019). These receptors include
complement receptors (CRs) (CRI1 and CR3) (Heneka et al,
2015), chemokine receptors (C-X3-C motif chemokine receptor
1 (Cx3crl) and CXCR4) (El Khoury et al, 2007), cytokine
receptors, CSF1 receptor (CSFIR), Toll-like receptors (TLRs)
(TLR4 and TLR1/2), NOD-like receptor (NLR) (NLRP3

inflammasome) (Heneka et al, 2015), scavenger receptors
(CD36, SR1, and MARCO) (Areschoug and Gordon, 2009), and
TAM receptors (tyrosine kinases Mer and AxL) (Lemke, 2013).

Recently, accumulating studies based on the
technologies revealed the intrinsic heterogeneity of microglia,
including the spatial and temporal heterogeneity, the distinctive
features in the same brain region, as well as different responses
to the identical stimuli (Sousa et al., 2018; Masuda et al., 2019;
Stratoulias et al., 2019; Tan et al., 2020; Mendes et al., 2021; Young
et al., 2021). For example, in homeostatic conditions, cerebellar
microglia display a phagocytic phenotype while striatum
microglia show a surveillance state, which depends on the rate of
neuronal apoptosis in the adult mice brain (Ayata et al., 2018).
CDl1lIc positive microglia represent during the postnatal day
(P)3-P5, and then drop to few population in adult mice, which
may play a crucial role in myelination and neurogenesis during
development (Wlodarczyk et al., 2017). Ultrastructural analyze
using electron microscopy (EM) uncovered the “dark” microglia,
which display signs of oxidative stress and are distinct from the
surrounding normal microglia (Bisht et al., 2016); dark microglia
are more active in engulfing synaptic elements than normal
populations and involve in the neuronal circuit remodeling,
which even increases under chronic stress and aging conditions
(Bisht et al., 2016; Mendes et al., 2021). Besides, single-cell
transcriptome profiling has revealed remarkable heterogeneity
of microglial cells during development, homeostatic and disease
conditions in both mice and humans (Sousa et al., 2018;
Hammond et al., 2019; Masuda et al., 2020). Microglial subtypes,
such as proliferative-region-associated microglia (PAM), axonal
tract-associated microglia (ATM), triggering receptor expressed
on myeloid cells 2 (TREM2)-microglia, TREM2-independent
microglia, and neurodegenerative disease-associated microglia
(DAM) have been discovered recently (Wang et al., 2015;
Keren-Shaul et al., 2017; Sousa et al., 2018; Li et al., 2019;
Stratoulias et al., 2019).

Microglial activation damages the surrounding healthy neural
tissue; while the dead or dying neurons secreted factors
(such as ATP) in turn exacerbate the activation of microglia.
These processes cause persistent chronic neuroinflammation and
neuronal loss, which have been observed in neurodegenerative
and metabolic diseases such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, amyotrophic lateral sclerosis, and
obesity (Hide et al.,, 2000; Fu et al., 2014; Tang and Le, 2016;
Hickman et al.,, 2018; Rajendran and Paolicelli, 2018). Aging
microglia display an increased phagocytosis, which may also
contribute to the development of neurodegenerative diseases
(Sierra et al.,, 2007; Hickman et al., 2013). Moreover, HFD
consumption triggers microglial activation and inflammation,
which leads to energy imbalance (i.e., obesity) and cognitive
decline in both adult humans and rodents (Murray et al,
2009; Pistell et al., 2010; Edwards et al., 2011; Holloway et al,,
2011; Heyward et al, 2012; Thaler et al., 2012). Obesity is
a serious global health problem and has been regarded as a
clinical risk factor for cognitive disorders later in life (Yau
et al,, 2012; Morris et al,, 2015; Di Cesare et al., 2016; Pedditizi
et al., 2016). Increasing literature indicated that a long-term
HFD consumption affects the overall physiology, including

novel
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insulin resistance, hippocampal oxidative stress, chronic systemic
inflammation, neuroinflammation, microglial activation, and
hippocampal oxidative stress; the complex interplays among
these pathogenic factors contribute to cognitive impairment
(Bruce-Keller et al., 2010; Spencer et al, 2017; Guo et al,
2020). Neuroimaging studies showed that obese individuals have
decreased brain volume, especially in brain regions linked to
cognitive function (Pannacciulli et al., 2006; Raji et al., 2010).
Obesity is the onset of neurodegeneration and also exacerbates
the cognitive decline in aging (Valcarcel-Ares et al., 2019).
Microglial activation plays a crucial role in neurodegenerative
diseases and cognitive decline caused by HFD consumption
(Hong et al.,, 2016; Jeong et al, 2019). Here, we review the
microglial biological functions in regulation of neural circuits
related to cognition and energy homeostasis in physiological and
diet-induced inflammatory conditions.

MICROGLIAL FUNCTION IN
HOMEOSTASIS

Synapse and Cell Body Elimination

During brain development, an excess of synapses are formed,
however, many of them will be eliminated during synaptic
pruning to establish mature brain connectivity (Tremblay et al.,
2011; Schafer and Stevens, 2013). In the human frontal cortex, the

highest synaptic density is during early postnatal development
and significantly reduces with aging (Huttenlocher, 1979; Kabaso
et al., 2009). In mice hippocampus, genes related to synaptic
formation express from the first postnatal week and show a
gradual increase until the late postnatal weeks; the peak of
synaptic density is around the fourth postnatal week in mice
(Mody et al., 2001; Paolicelli et al., 2011). Following the synaptic
formation, the hippocampal synapses and circuits exhibit
increased plasticity and maturation; this process is the important
neurochemical foundation of learning and memory and crosses
the whole life (Mody et al., 2001; Caroni et al., 2014). Skill
learning accelerates the synaptic rearrangement process (Caroni
et al, 2014). Emerging work implicates that microglia and
related immune molecules are key mediators in the refinement of
synaptic circuits of normal neurophysiology, particularly during
early brain development (Figure 1; Schafer et al., 2013; Sierra
et al,, 2013; Ikegami et al., 2019; Mallya et al., 2019).

The postsynaptic density protein 95-(PSD95, a postsynaptic
marker) and the synaptosomal associated protein 25 (SNAP25,
a presynaptic marker) have been observed in microglia in the
hippocampus at P15 mice (Paolicelli et al., 2011). While the
presynaptic terminals of retinal ganglion cell (RGC) were also
localized with microglia in the P5 dorsal lateral geniculate nucleus
(dLGN) (Schafer et al.,, 2012). In vivo imaging revealed that
microglia contact with synaptic elements in the visual cortex
of juvenile mice (Tremblay et al., 2010). Additionally, a recent
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FIGURE 1 | Microglia affect hippocampal and hypothalamic neuronal circuits in homeostatic and high-fat diet-induced obese conditions. In the homeostatic brain,
microglia survey the surrounding microenvironment and interact with neurons to shape neuronal circuits, including synaptic phagocytosis, engulfment of unwanted
cells and debris, synaptic formation, neurogenesis, secretion of soluble factor, and expression of inducible receptors. Hippocampal microglia participate in synaptic
remodeling during the cognitive process and hypothalamic microglia regulate energy homeostasis, however, microglial dysfunction leads to cognitive decline and
obesity, respectively. Moreover, high-fat diet (induced obesity) results in hypothalamic microglial activation which may exacerbate the progress of obesity. Additionally,
high-fat diet-induced obesity activates hippocampal microglia and leads to cognitive decline. D3V, dorsal third ventricle; 3V, third ventricle.
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time-lapse fluorescence imaging study provides direct evidence
that microglia engulf synaptic material in living brain tissue and
this result is further confirmed in their fixed mouse hippocampal
tissue at P15, the peak expression of phagosome (Weinhard et al.,
2018). These findings suggest the involvement of microglia in the
modification or engulfment of synaptic structures in the brain.

Microglial receptor Cx3crl interacts with neuronal chemokine
C-X3-C motif chemokine ligand 1 (Cx3cl1) to regulate neuronal
network and functions (Ransohoff and Stevens, 2011). Cx3crl
knockout mice show a transient reduction of microglial density
during postnatal day 8 (P8) to P28, which leads to an
increased spine density and abundant excitatory synapses in
the hippocampus during the second and third postnatal weeks
(Paolicelli et al., 2011); these transgenic mice exhibit deficits
in social interaction and increased repetitive behavior that has
been associated with autism and other neurodevelopmental and
neuropsychiatric disorders (Paolicelli et al., 2011; Zhan et al.,
2014). Microglia participate in the synaptic pruning also via
recognizing the classical complement cascade proteins (Clq
and C3), which localize to the unwanted synapses (Stephan
et al., 2012; Zabel and Kirsch, 2013; Wang et al, 2020).
Genetic strategies (knockout of CR3 or C3) or pharmacological
(minocycline) perturbation of microglial phagocytosis results
in significantly increased synaptic density in retinal ganglion
cells and deficits in eye-specific segregation in early postnatal
mice (Schafer et al, 2012). Complement-dependent synapse
elimination of microglia mediates the forgetting of remote
memories, which can be prevented by microglial depletion or
phagocytic inhibition (Wang et al., 2020). Altering microglial
activation by disrupting purinergic receptor-P2Y12 abrogates
ocular dominance plasticity in the binocular visual cortex,
experience-dependent synaptic plasticity of the adolescent brain
(Haynes et al, 2006; Sipe et al, 2016). Besides, microglial
TREM2 deficient mice show impaired microglial activation
and synapse elimination during early brain development and
corresponding sociability defects in adulthood which is similar
to autism in humans (Filipello et al., 2018). These studies
indicate that microglial synaptic elimination is crucial for the
formation of mature and functional neuronal circuitry during
CNS development.

As we have described that deficit in microglial phagocytic
function results in immature brain connection, however,
increased microglial engulfment of synapses leads to spine
number reduction that could also impair neural circuits. For
example, vacuolar sorting protein 35 (VPS35), a component
of selective endosome-to-Golgi retrieval of membrane proteins,
regulates microglia immune response and phagocytosis (Lucin
et al., 2013; Yin et al., 2016). Microglia specific knockout of
VPS35 results in increased microglial density and activity in the
hippocampus, accompanied by impaired dendritic morphology
and reduced dendritic spine density in newborn neurons of the
subgranular zone; microglial-neuronal co-culture revealed that
VPS35-depleted microglia show increased phagocytic activity
toward postsynaptic protein-PSD95, that may contribute to
the loss of dendritic spines and depression-like behavior and
impaired long-term recognition memory in mutant mice (Appel
et al., 2018). Moreover, Polycomb repressive complex 2 (PRC2)

catalyzes histone H3 lysine 27 tri-methylation (H3K27me3) and
represses transcription, which epigenetically regulates microglial
activation (Margueron and Reinberg, 2011; Cheray and Joseph,
2018). Microglia-specific loss of PRC2 increases the clearance
activity, which leads to a reduction of spine density in the
striatal medium spiny neuron, accompanied by enhanced anxiety
behavior and impairments of cognition and memory in adult
mice (Ayata et al, 2018). However, microglia-specific Brain
and Muscle Arnt-like 1 (Bmall) deficiency enhances microglial
phagocytosis, which may be associated with the formation of
mature spines in the hippocampus in mice during the learning
process and also relate to less pro-opiomelanocortin (POMC)-
neuronal loss in the mediobasal hypothalamus in mice on a HFD
(Wang et al., 2021). In vitro experiment shows that microglia-
like cells derived from schizophrenia patients exhibit excessive
synaptic pruning, which may underlie the reduced synapse
density found in postmortem cortical tissue of schizophrenia
patients (Sellgren et al., 2019). The antibiotic minocycline which
can reduce microglial activation and engulfment of synapse
structures may have therapeutic benefits in schizophrenia
patients (Tikka et al., 2001; Sellgren et al., 2019). Therefore,
appropriate microglial phagocytic capacity is crucial for synaptic
pruning and mature patterns of neuronal connectivity.

In addition, microglia engulf apoptotic neurons to maintain
CNS hemostasis, which has been seen in both postnatal and
adult mouse brain regions (Ashwell, 1990; Ayata et al., 2018).
For example, in the subgranular zone, where neurogenesis occurs,
most of the newborn cells are eliminated through apoptosis-
coupled phagocytosis by microglia; only a small amount of
neuroblasts survive and integrate into neuronal circuits (Sierra
et al.,, 2010). Microglia also engulf live neural progenitor cells
(NPCs) and remove viable neurons to limit the overproduction
of neurons during brain development (Cunningham et al., 2013;
Brown and Neher, 2014; Sellgren et al,, 2017). Except these,
microglial phagocytose ALDHI1L1, which is an early astrocyte
marker, indicating the engulfment of astrocytic material in the
early developing amygdala, which subsequently affects the neural
circuitry and mice behavior (VanRyzin et al, 2019). These
findings suggest that microglia not only clean away apoptotic cells
to maintain a healthy microenvironment for neuronal survival
but also regulate the live cells to ensure the proper cell number
and brain circuits.

Spine Formation

Increasing evidence indicated that microglia are involved in
synaptic formation and neurogenesis, which are important in
brain circuits maturation (Reshef et al., 2017). Post-mortem
human studies showed that at early gestational weeks, microglia
prominently accumulate at the cortical plate-subplate junction,
where the first synapses were found, suggesting that microglia
may be involved in synaptic formation (Verney et al., 2010).
A study showed that microglial contact promotes the new
protrusion formation from the head of the spine and increases
the spine length, which is direct evidence that microglia are
involved in structural synaptic plasticity in developing mice brain
(Weinhard et al., 2018). This phenomenon is also observed
in pyramidal neurons in the developing somatosensory cortex.
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The in vivo imaging showed that microglia induce spine
formation by creating contact with dendrites in a period of
intense synaptogenesis (P8-10) in layer II/III pyramidal neurons;
transient genetic ablation of microglia around P8 reduces
the spine density and the frequency of miniature excitatory
postsynaptic currents (mEPSCs) in these neurons, demonstrating
that microglia promote functional mature synaptic formation
and subsequently contribute to the maturation of specific
neuronal circuits (Miyamoto et al., 2016). Additionally, transient
microglial depletion in the late postnatal period (P19) or young
adulthood (P30) causes a significant decrease in both spine
formation and elimination in layer V pyramidal neurons in the
motor cortex, which leads to deficits in multiple learning tasks
and learning-induced synaptic remodeling in mice (Parkhurst
et al, 2013). These findings suggest that microglia directly
regulate synaptic formation and maturation.

Besides, microglia impact synaptic formation and plasticity
by releasing soluble factors, such as inflammatory cytokines,
ROS, NO, and neurotrophic factors (Vezzani and Viviani,
2015). Hippocampal neurons and microglial co-cultures show
that microglia induce neuronal synaptic formation via releasing
interleukin 10 (IL-10) which can interact with IL-10 receptors
expressed on the hippocampal neurons (Lim et al., 2013).
Microglia mediate synaptic transmission and strength via CR3-
NADPH oxidase cascade (Collingridge and Peineau, 2014; Zhang
et al., 2014). It has been suggested that a physiological level of
IL-1P is necessary for the induction and maintenance of long-
term potentiation (LTP), but excessive IL-1p has an inhibitory
effect on synaptic strength (Bellinger et al, 1993; Yirmiya
et al., 2002; Avital et al., 2003). Increase IL-1f secretion in
the hippocampus lead to the impairment of synaptic plasticity,
cognitive deficits, and mood disorders, which has been seen
in Cx3crl deficient adult mice (Rogers et al., 2011). Cx3crl
deficiency also delays the functional maturation of postsynaptic
glutamate receptors of the thalamocortical synapses in the barrel
cortex in mice (Hoshiko et al., 2012). Microglia-specific BDNF
depleted mice repeat many phenotypes generated by microglia
depletion, indicating that microglia BDNF is an important factor
for motor learning and memory-associated synaptic remodeling
(Parkhurst et al., 2013). Moreover, microglial deficiency of
KARAP/DAP12, a transmembrane polypeptide associated with
cell-surface receptors, leads to the decreased expression of
glutamate receptor content in the postsynaptic and expression of
synaptic tyrosine kinase receptor B (Roumier et al., 2004). These
observations indicate that the interaction between microglia and
neurons controls the functional maturation of synapses.

Neurogenesis

Newborn neurons are added to neural circuits throughout life,
which is an important part to maintain brain homeostasis.
Postnatal neurogenesis mainly occurs in the subventricular
zone (SVZ) of the lateral ventricles and subgranular zone
(SGZ) of the hippocampus and plays a critical role in
learning and memory (Ernst et al., 2014). During this process,
microglia are essential for maintaining the proper neuronal
cell number in the neural network (de Miranda et al,
2017). For example, activated microglia release cytokines to

enhance neurogenesis and oligodendrogenesis of SVZ in P1-
P10 rat brain; in vitro assays showed that neurogenesis can
be enhanced by activating microglia or independently adding
the cytokines (IL-4, low concentration of IL-1B, IFN-y, or
IFN- y) in the culture medium of (NPCs) (Butovsky et al.,
2006; Shigemoto-Mogami et al., 2014). Microglia-conditioned
medium also directs the migration of precursor cells and
influences the differentiation of both adult and embryonic
neural precursor cells toward a neuronal phenotype (Aarum
et al., 2003). In addition, this conditioned medium enhances
cerebellar granule cell survival and promotes the proliferation
of precursor neurons, which is mediated by the mitogen-
activated protein kinase (MAPK) and phosphatidylinositol-
3-kinase (PI3K)/Akt signal transduction pathways (Morgan
et al, 2004). Microglia produce IGF1 to support cortical
neuronal survival (Ueno et al., 2013). Furthermore, microglia-
neuronal Cx3crl-Cx3cll signaling mediates the exercise-induced
activation of NPCs in the hippocampus and the suppression
of NPCs in the aged brain (Vukovic et al., 2012); microglial
Cx3crl also enhances neurogenesis in the dentate gyrus
(DG) via inhibiting sirtuin 1 (SIRT1)/NF-kB p65 signaling
(Sellner et al., 2016). Cx3crl deficiency impairs the maturation
of newborn granule neurons in the adult brain (Bolos
et al, 2018). Replacement of microglia in aged mice by
manipulating CSF1R restores microglial cell densities and
morphologies to those found in young adult animals, without
alteration of immune reactivity; the microglial repopulation
improves the synaptogenesis related gene expression, reverses
the hippocampal neuronal complexity, and fully rescues the
age-induced deficits in LTP and spatial memory in mice
(Elmore et al., 2018).

Besides, neurogenesis has been also observed in postnatal and
adult mammalian hypothalamus and is involved in the control of
energy homeostasis (Pierce and Xu, 2010; Yoo and Blackshaw,
2018). A study indicated that the fibroblast growth factor 10-
expressing (Fgf10 +) tanycytes are the hypothalamic progenitor
cells and can generate neurons and astrocytes to populate the
ARC in mice (Haan et al.,, 2013). Infusion of BDNF into the
lateral ventricle stimulates hypothalamic neurogenesis (Pencea
et al., 2001). GPR40 (FFAR1), the receptor for medium and
long chain unsaturated fatty acids, also modulates hypothalamic
cell proliferation and survival through p38 and BDNF in adult
mice (Engel et al., 2020). Additionally, administration of ciliary
neurotrophic factor (CNTF) into the lateral ventricle induces
hypothalamic neuronal and glial proliferation and reduces body
weight in HFD fed mice (Kokoeva et al, 2005). CNTF is a
tropic factor for neurons but also stimulates microglia to secrete
glial cell line-derived neurotrophic factor (GDNF) and indirectly
promote neuronal survival (Krady et al., 2008; Lin et al., 2009).
Moreover, microglia release BDNF to support the surrounding
neurons that regulate appetite; mice with BDNF deficiency in
microglia show hyperphagia and obesity (Urabe et al., 2013).
Besides, transient removal of microglia from the embryonic brain
leads to decreased litter size and increased mortality of pups
at early postnatal days; while survived pups show significant
accumulation of apoptotic POMC neurons in the hypothalamus,
and accelerated body weight gain since P5 (Rosin et al., 2018).
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These studies indicate that microglia are closely associated with
neurogenesis and the regulation of neuronal circuits.

MICROGLIA REGULATE ENERGY
METABOLISM

Energy homeostasis is the biological process that maintains
the energy balance by regulating food intake and energy
expenditure (Bray et al, 2012). A growing number of findings
have demonstrated the important role of CNS in the control
of energy homeostasis, especially the neuronal circuits in
the hypothalamic arcuate nucleus (ARC) (Myers and Olson,
2012; Abdalla, 2017; Garcia-Caceres et al.,, 2019). The ARC
is located in the mediobasal hypothalamus (MBH), where
close the third ventricle and median eminence (ME). The
ME is one of the circumventricular organs (CVOs) that are
comprised of extensive and highly permeable capillaries to
facilitate the diffusion of specific molecules found in the blood;
this characteristic allows the peripheral metabolic signals to be
sensed by adjacent neuronal dendrites that extend from the ARC
(Djogo et al., 2016). Two important populations of neurons in
the ARC are involved in this process, the orexigenic agouti-
related peptide (AgRP)/neuropeptide Y (NPY) neurons and the
POMC/cocaine and amphetamine regulated transcript (CART)
neurons (Schwartz et al., 2000; Palkovits, 2003; Luquet et al.,
2005; Morton et al., 2006; Krashes et al., 2011). Activation of the
AgRP/NPY neurons stimulates food intake and reduces energy
expenditure, thereby increasing body weight, whereas activation
of POMC neurons has the opposite effect on food intake, energy
expenditure, and body weight (Hahn et al., 1998; Ellacott and
Cone, 2004; Lechan and Fekete, 2006; Toda et al., 2017).

Cumulative studies indicate that hypothalamic microglia are
implicated in the maintenance of neural circuits and regulate
energy homeostasis. Active microglia are more adjacent to POMC
neurons than to NPY neurons in the hypothalamus, thus may
have a more powerful influence on POMC cells (Gao et al.,
2017). The POMC neurons release alpha-melanocyte-stimulating
hormone (a-MSH) and cocaine-and amphetamine-regulated
transcript (CART) peptides to promote energy expenditure
and satiety; a-MSH derives from POMC-a precursor peptide
and binds to melanocortin receptors-MC3R and MC4R-in the
paraventricular nucleus (PVN) and the nucleus of the solitary
tract (NST) (Wang et al.,, 2000; Pinto et al., 2004; Mountjoy,
2010; Lau and Herzog, 2014; Koch et al., 2015). Microglial
leptin receptor-deficiency impairs microglial phagocytic capacity,
which contributes to the decreased POMC neurons, reduced
a-MSH projection from the ARC to PVN, and increased food
intake and body weight gain in mice (Gao et al, 2018).
Moreover, microglia release neurotrophic factors to support
the surrounding neurons that regulate appetite; mice with
BDNF deficiency in microglia show hyperphagia and obesity
(Urabe et al., 2013).

High-fat diet (HFD)-induced mediobasal hypothalamic
microglial activation and inflammation has been linked to
the impairment of brain circuits in control of energy balance,
as well as the development and progression of obesity and

(pre)diabetes in both humans and rodents (Gao et al.,, 2014;
Baufeld et al., 2016; Jais and Bruning, 2017; Le Thuc et al., 2017;
Avalos et al., 2018). Specifically, HFD consumption induces
low-grade hypothalamic inflammation, neuronal stress, and
leptin resistance, which is accompanied by rapid glial cell
accumulation, especially microglial cells (De Souza et al., 2005;
Thaler et al, 2012; Valdearcos et al., 2014). Hypothalamic
inflammatory gene expression was significantly increased during
1-3 days of HFD feeding, while microglial activation in the
ARGC starts as early as 3 days after HFD exposure, prior to body
weight gain in both rats and mice (Thaler et al., 2012; Baufeld
et al., 2016; Kim et al., 2019). The time course of HFD feeding
induced-hypothalamic informatory gene expression as well as
microglial activation and proliferation has been presented in
Table 1. HFD leads to neuronal injury in the ARC since the first
week of feeding (Thaler et al., 2012; Kim et al., 2019). Eight weeks
of HFD consumption induces neuronal apoptosis and a loss of
synaptic inputs in the ARC and lateral hypothalamus in rodents
(Moraes et al., 2009; Horvath et al., 2010; Kim et al., 2019).
Inhibition of microglial activation and inflammation in the ARC
may be sufficient to protect against diet-induced hypothalamic
inflammation and POMC neuronal loss and prevent obesity
(Valdearcos et al., 2014; Andre et al., 2017). It has been shown
that the hypercaloric diet-induced obese mice show persistently
activated microglia in the MBH with increased secretion of
TNFa, which improves the mitochondrial stress of POMC
neurons and contributes to the development of obesity; specific
knocking down of the TNFo downstream signals in the MBH of
DIO mice reduces the body weight (Yi et al., 2017). HFD feeding
also alters microglial mitochondrial morphology and increases
the expression of uncoupling protein 2 (UCP2)-a mitochondrial
protein involved in reactive oxygen species (ROS) generation and
fuel utilization, which is associated with increased hypothalamic
inflammation (Kim et al., 2019). Deletion of microglial UCP2
affects mitochondrial function, ameliorates microglial activation
in the ARC, alters the POMC synaptic input organization and
neuronal activation, and leads to less body weight gain under
HFD conditions (Kim et al., 2019).

Additionally, depletion of microglia or selective silencing
of microglial NF-kB-mediated signaling in the transgenic
mouse model (microglial specific IKKB knockout) reduces
microgliosis and greatly limits diet-induced hyperphagia and
weight gain (Valdearcos et al, 2017). Activating microglia
through cell-specific deletion of the negative NF-kB regulator
A20 induces spontaneous microgliosis in MBH, reduces energy
expenditure, and increases food intake and weight gain even
independent of the HFD challenge (Valdearcos et al., 2017).
Besides, inhibition of the microglial toll-like receptor-4 (TLR4)
prevents the central orexigenic AgRP/NPY neuronal response
and feeding behavior (Reis et al, 2015). HFD induced
hypothalamic inflammatory response and impaired insulin-
signaling pathway are mediated by activation of hypothalamic
c-Jun N-terminal kinase (JNK) and nuclear factor-kappaB (NF-
kB) signaling pathways (De Souza etal,2005; Zhang et al,
2008). Specific inhibition of hypothalamic JNK restores insulin
signaling and reduces caloric intake and weight gain in HFD
fed rats (De Souza et al, 2005). Surprisingly, conditionally
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TABLE 1 | Time course of HFD consumption induced-hypothalamic inflammation and microglial activation in the ARC.

Time course 1day 3days 1weeks 2weeks 4weeks 8 weeks 16 weeks 20 weeks References
Hypothalamic In rats 4 1 - 1 4 4 Thaler et al., 2012
inflammation In mice 1— 1/— 1= - Thaler et al., 2012;
Valdearcos et al., 2014;
Baufeld et al., 2016;
Kim et al., 2019
Microglial activation In rats - 1 4 1 4 4 Thaler et al., 2012
In mice - M- M- 4 1 Valdearcos et al., 2014,

Baufeld et al., 2016;
Kim et al., 2019

4 and — indicate an increase and no alteration after HFD exposure, respectively.

knockout lipoprotein lipase in microglia in adult mice leads
to reduced immune response and phagocytosis, which results
in more POMC neuronal loss and body weight gain than
controls when challenged with HFD (Gao et al., 2017). Thus,
proper microglial functions are necessary for maintaining
the appropriate hypothalamic neuronal circuits to regulate
energy metabolism.

Besides, microglia modulate the function of astrocytes in the
brain (Greenhalgh et al, 2020). Astrocytes regulate synaptic
transmission and neuronal activity and support neuronal survival
and synaptogenesis (Araque et al, 2014). Its known that
astrocytes regulate hypothalamic neuronal circuits in control of
feeding; astrocyte-specific loss of leptin receptors alters astrocyte
morphology and synaptic inputs onto hypothalamic neurons
and enhances fasting and ghrelin-induced food intake in mice
(Kim et al., 2014). Consumption of HFD also induces astrocyte
activation in the ARC, which is associated with hypothalamic
inflammation and synaptic loss of POMC neurons in both
humans and rodents (Horvath et al., 2010; Thaler et al., 2012;
Valdearcos et al., 2014; Baufeld et al., 2016; Kim et al., 2019).
A recent study showed that astrocytes directly engulf apoptotic
neurons to maintain brain homeostasis (Damisah et al., 2020),
which may also occur in HFD-induced inflammatory conditions.
Additionally, astrocytes are involved in innate immunity.
Neurotoxic reactive astrocytes can be induced by microglia
secreted inflammatory cytokines and mediate complement-
dependent neuronal loss (Liddelow et al., 2017; Fakhoury,
2018). HFD consumption increases the expression of Myd88, an
adaptor molecular of TLR signaling, in hypothalamic astrocytes;
astrocyte-specific deletion of Myd88 ameliorates hypothalamic
reactive gliosis and inflammation and prevents obesity in HFD
fed mice (Jin et al, 2020). Astrocyte-specific knockout of
IKKB, a crucial cofactor of NF-kB-mediated inflammation, also
reduces hypothalamic inflammation and astrocytosis, as well as
protects mice from weight gain under HFD conditions (Douglass
et al., 2017). However, a study showed that HFD feeding only
induces hypothalamic microglial inflammatory activation, but
not astrocytes (Valdearcos et al.,, 2014). Activated microglia in
HFD fed mice might be upstream regulators in the synaptic
plasticity of the POMC neurons and astrogliosis in the ARC
(Kim et al., 2019).

Moreover, microglial activation recruits peripheral myeloid
cells, such as monocytes, perivascular, and meningeal

macrophages into the mediobasal hypothalamus in mice;
while this phenomenon is abolished when depleting of the
resident microglia by PLX5622 (Valdearcos et al., 2017). The
activation and expansion of infiltrated myelod cells participates
in the mediobasal hypothalamic microglosis and inflammation
in HFD fed mice (Valdearcos et al., 2017; Lee et al., 2018).
Additionally, HFD-induced inflammation impairs the structure
and function of hypothalamic endothelial cells and tanycytes,
which promotes the permeability and disrupts the integrity
of blood-brain barrier (BBB) (Freeman and Granholm, 2012;
Garcia-Prieto et al., 2015; Ramalho et al., 2018). BBB dysfunction
increased infiltration of immune cells, such as lymphocytes
and neutrophils, and HFD-induced peripheral inflammatory
mediators may exacerbate the hypothalamic microglial activation
and inflammation (Argaw et al., 2012; Zenaro et al., 2015; Duan
et al,, 2018; Edison, 2020). The reciprocal interplay between
microglia and infiltrating immune cells impairs hypothalamic
neurons control of feeding behavior and energy expenditure
under HFD conditions.

However, overexpression of an anti-inflammatory cytokine-
IL-10 in mice ameliorates HFD induced-obesity, restores
POMC expression, and attenuates the leptin resistance by
inhibiting IKKs activation and SOCS3 expression in ARC
(Nakata et al, 2017). Quercetin, a polyphenolic flavonoid,
is known to protect against obesity-induced oxidative stress
and inflammation in peripheral tissues (Le et al, 2014;
Kim et al, 2015). A study has reported that Quercetin
reduces hypothalamic inflammation by inhibiting the microglia-
mediated inflammatory responses in obese mice and also
upregulates the expression of the antioxidant enzyme heme
oxygenase (HO-1) in the hypothalamus (Yang et al, 2017).
These findings indicate that inhibiting inflammation, increasing
the anti-inflammation, or preventing oxidative stress in the
hypothalamus may be effective therapeutic strategies for the
treatment of metabolic disorders, including obesity.

MICROGLIAL FUNCTION IN HIGH-FAT
DIET CONSUMPTION-ASSOCIATED
COGNITIVE DECLINE

Studies showed that HFD feeding results in cognitive
impairment via microglial activation (Hao et al, 2016;
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Maldonado-Ruiz et al., 2017; Cope et al., 2018). Obesity
increases microglial processes in the prefrontal cortex, which
may contribute to the diminished dendritic spine density
and synaptic protein, and impairs cognition in HFD fed
rats (Bocarsly et al, 2015). Reduced dendritic spine and
impaired cognition have also been observed in HFD induced
obese mice, accompanied by increased microglial synaptic
engulfment in the hippocampus; inhibition of microglial
activation or blocking microglial phagocytosis prevent the
synaptic loss and cognitive deficits in these mice (Cope et al.,
2018). Besides, HFD-induced obese mice exhibit increased
IL1B secretion in the hippocampus, which leads to cognitive
impairment (Hao et al., 2016; Guo et al,, 2020). Obesity in
aged mice promotes the gene expression of microglial pro-
inflammatory cytokines and exacerbates neuroinflammation
and cognitive decline (Masser et al., 2014; Mangold et al,
2017; Valcarcel-Ares et al., 2019). Inducible knockout of the
IL1B receptor on microglia prevents microglial activation
and neuroinflammation, as well as protects obese mice
from cognitive impairment (Guo et al, 2020). Therefore,
microglia play a direct role in HFD consumption-induced
cognitive dysfunction.

Besides, microglia have a direct effect on astrocytes activation
under inflammatory conditions (Kirkley et al., 2017; Greenhalgh
et al., 2020). Astrocytes modulate neuronal activity and support
cognitive functions in both human and mammalian species
(Pereira and Furlan, 2010; Ferris et al., 2017). Activated
astrocytes participate in cognitive impairment in multiple
diseases (Santello et al., 2019; Calsolaro et al., 2021). HFD
consumption-induced microglial activation and chronic
inflammation may lead to astrocytes activation in the brain
regions regulation of cognition. It’s reported that chronic
consumption of high-fat-and-fructose diets increases the
number and coverage of hippocampal reactive astrocytes
associated with microglial morphological changes and reduced
dendritic arborization, spine number, and synaptophysin
content in CA1l in rats (Calvo-Ochoa et al.,, 2014). HFD also
increases the reactivity and disturbs the function of hippocampal
astrocytes in mice (Tsai et al, 2018). Moreover, astrocytes
regulate the function of BBB. Reactive astrocyte-derived
factors increase the permeability of BBB and lead to BBB
disruption (Michinaga and Koyama, 2019). High-saturated-fat
and cholesterol diet also impairs hippocampal BBB integrity
in rats, which may be associated with increases microglial
and astrocytes activation in this brain region (Freeman and
Granholm, 2012; Yeh et al., 2015; Han et al., 2020). Additionally,
HED feeding disrupts BBB through induction of cerebrovascular
and endothelial dysfunction (Li et al., 2013; Nguyen et al., 2014;
Buie et al., 2019).

The excessive BBB permeability promotes the infiltration
of peripheral immune cells and blood-derived molecules
into the brain parenchyma (Freeman and Granholm, 2012;
Michinaga and Koyama, 2019). Recruitment of peripheral
immune cells into the brain contributes to the inflammatory
response in HFD fed mice (Buckman et al, 2014). Its
known that the infiltrated immune cells and factors induce
microglial and astrocytes activation and are associated with

inflammation, neuronal damage, and cognitive decline (Puntener
et al.,, 2012; Widmann and Heneka, 2014; Laurent et al., 2017).
Moreover, HFD consumption leads to chronic low-grade
peripheral inflammation, which has been regarded as a
risk factor for cognitive decline (Saltiel and Olefsky, 2017;
Duan et al, 2018 Tan and Norhaizan, 2019). Emerging
evidence showed that the peripheral or systemic inflammation
produced from adipose tissue and gut triggers microglial
activation and neuroinflammation and exacerbates cognitive
deficits in obese individuals (Chunchai et al, 2018; Guo
et al, 2020; Lee and Yau, 2021). Reducing the imbalance
of gut microbiota induced by HFD consumption alleviates
hippocampal oxidative stress and microglial activation and
restores cognitive function (Chunchai et al., 2018). Interestingly,
a study showed that switching the HFD to a low-fat diet
for 2 months reduces microglial activation and rescues
the synaptic plasticity and cognition in adult obese mice
(Hao et al., 2016).

CONCLUSION

In conclusion, this review has summarized the recent studies
in the understanding of microglial function in governing
brain circuits mainly associated with cognition and energy
homeostasis. The prevailing view of microglia as phagocytic
cells eliminating synapses, dead or apoptotic cells, and cellular
debris may be overly simplified. Indeed, microglia have
a critical role in the synaptic formation, reorganization,
appropriate maturation, and neurogenesis, by direct contacting,
releasing soluble factors, engulfment of synaptic structures,
or multiple microglia-neuronal signaling pathways during
brain circuits remolding; this process occurs throughout life
to adapt to the changing brain microenvironment. Microglia
are necessary for the proper development and maintenance
of hippocampal and hypothalamic neuronal circuits, however,
microglial dysfunction in these brain regions leads to cognitive
decline and obesity, respectively. Furthermore, microglial
activation is involved in both HFD induced obesity and
obesity-associated cognitive impairment (Figure 1). But how
the HFD consumption leads to hypothalamic microglial
activation and results in hippocampal microglial dysfunction
are still unclear. Since the heterogeneity of microglia, our
knowledge of how microglia shape neuronal circuitries is
still superficial, especially under HFD conditions. A more
detailed understanding of the mechanism is needed, such
as the molecules that impact microglial functions and the
complex interplay between microglia and neurons, as well
as periphery signals and microglia. Integrated modulation of
microglial function might be an effective strategy to prevent
neurodegeneration and obesity.
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