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Sleep deprivation (SD) has been recognized as a pivotal factor exacerbating the risk of psychiatric disorders; however, the neu-
robiological mechanisms underlying SD-induced alterations in brain network structure cannot be fully explained by monoamin-
ergic neurotransmitter imbalances alone. This review systematically elucidates the “sleep-microglia-synaptic remodeling” axis
as a core pathological mechanism, proposing that SD disrupts central nervous system homeostasis and induces a phenotypic
transition of microglia from physiological synaptic sentinels to pathological agents of excessive phagocytosis. At the molecular
level, SD promotes the “over-pruning” of functional synapses by aberrantly reactivating developmental signaling pathways in the
adult brain—specifically the complement component 3—complement receptor 3 (C3—CR3), adenosine triphosphate-P2Y12 recep-
tor signaling (ATP-P2Y12), and astrocyte-microglia crosstalk. This process results in a reduced synaptic density and impaired
structural plasticity. Such neuroimmune-mediated synaptic pathology constitutes a shared anatomical substrate for the cognitive
and emotional deficits observed in major psychiatric conditions, including major depressive disorder, schizophrenia, and anxiety
disorders. In summary, dissecting this mechanism not only offers a novel perspective on the comorbidity of sleep disturbances
and psychiatric disorders but also highlights that targeting the blockade of pathological microglial phagocytic pathways serves

as a promising therapeutic strategy for restoring synaptic homeostasis and treating psychiatric diseases.
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Introduction

Sleep is a critical physiological process that maintains
central nervous system (CNS) homeostasis, regulates the
clearance of metabolic waste, and consolidates memory.
However, with the accelerating pace of modern societal
life, sleep deprivation (SD) has become a prevalent public
health issue. Epidemiological surveys and clinical studies
consistently indicate a significant bidirectional association
between sleep disorders and various psychiatric illnesses,
such as major depressive disorder, schizophrenia, and bipo-
lar disorder [1,2]. Chronic sleep deprivation not only serves
as a prodromal symptom of these conditions but also acts as
an independent risk factor for disease exacerbation and cog-
nitive impairment [3]. Although prior research has primar-
ily focused on imbalances in monoaminergic neurotrans-
mitter systems, this alone cannot fully elucidate the neu-
robiological basis for the increased susceptibility to psychi-
atric disorders induced by sleep loss, particularly alterations
at the level of brain network structure [4].

Synaptic plasticity forms the neural foundation for the
brain’s adaptation to the environment, information process-
ing, and emotional regulation. According to the Synaptic
Homeostasis Hypothesis (SHY) proposed by Tononi and

colleagues, wakefulness is accompanied by a net increase
in synaptic weights, which consumes substantial energy
and occupies limited cellular space; in contrast, the pri-
mary function of sleep is to restore energy balance and
synaptic transmission efficiency through global downscal-
ing (renormalization) of synaptic strengths, thereby main-
taining synaptic homeostasis [5]. Notably, the core patho-
logical features of psychiatric disorders often involve ab-
normalities in synaptic connections, manifested as reduced
dendritic spine density in the prefrontal cortex (PFC) or hip-
pocampus, as well as excessive synaptic pruning in spe-
cific brain regions [6—8]. This phenomenon suggests that
sleep deprivation may disrupt the mechanisms maintaining
synaptic homeostasis, thereby inducing or exacerbating the
pathological processes of psychiatric disorders [9].

In this process, the role of microglia has increasingly
attracted attention. As resident immune cells in the CNS,
microglia not only perform immune surveillance functions
but also play a key role in synaptic remodeling during neural
development and adulthood [10,11]. Under physiological
conditions, microglia mediate the phagocytosis and prun-
ing of excess or weaker synapses through the complement
system (such as Clq and C3) and the Fractalkine signaling
pathway, thereby optimizing neural circuits [12,13]. A re-
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cent study has shown that microglial synaptic pruning func-
tion is highly activity-dependent and strictly regulated by
the sleep-wake cycle [14]. Sleep deprivation can induce
significant morphological changes and immune activation
in microglia, leading to abnormally enhanced phagocytic
function, which may erroneously eliminate healthy synap-
tic components and disrupt the integrity of neural circuits
[15,16].

In summary, sleep deprivation-induced microglial
overactivation and the resulting abnormal synaptic remod-
eling may serve as a key link between sleep disorders and
the pathological changes in psychiatric diseases [17]. This
article aims to review the latest research progress on how
sleep deprivation regulates microglial function, with a fo-
cus on exploring the specific role of microglia-dependent
synaptic remodeling in the pathogenesis of psychiatric dis-
orders, and analyzing related molecular pathways, such as
the complement cascade reaction and purinergic signaling,
to provide a theoretical basis for clinical treatment strate-
gies targeting neuroimmune modulation.

Microglia and Synaptic Homeostasis Under
Physiological Conditions

Microglia, as highly dynamic sentinel cells in the
CNS, are not in a quiescent state under physiological condi-
tions but rather continuously perform immune surveillance
of the brain parenchyma through their constantly extending
and retracting processes [10,18]. Beyond classical immune
defense functions, accumulating evidence supports that mi-
croglia are important regulators of synaptic structure and
function, with their mediated synaptic pruning being essen-
tial for the refinement of neural circuits and the maintenance
of synaptic plasticity in adulthood [12,19].

Mechanisms of Microglia-Mediated Synaptic
Pruning

During critical periods of neural development, the
brain generates excessive synaptic connections. Microglia
specifically recognize and phagocytose redundant or func-
tionally weaker pre- and postsynaptic components, such as
axon terminals or dendritic spines, thereby retaining and
strengthening effective neural connections [18]. This pro-
cess, known as “synaptic pruning”, extends into adulthood
and plays a central role in learning, memory, and forgetting
[18-20]. The process relies on a series of precise “find-me”
and “eat-me” signaling mechanisms [19,21].

The complement system is one of the key pathways
mediating microglial synaptic phagocytosis. Classical
complement cascade molecules C1q and C3 act as “eat-me”
signals tagging specific synapses, which are subsequently
recognized by complement receptor 3 (CR3, composed of
CD11b/CD18) on the microglial surface, triggering phago-
cytosis [19,22]. In addition, the CX3CL1-CX3CRI sig-
naling axis (Fractalkine pathway) plays an important role

in neuron-microglia communication. Neuronally expressed
CX3CL1 chemoattracts the CX3CR1 receptor, expressed
exclusively on microglia, regulating microglial proximity
to and pruning of synapses; deficiency in this pathway leads
to insufficient synaptic pruning and abnormal neural net-
work connectivity [23,24].

Purinergic signaling is equally indispensable in this
process. Adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) released by neuronal activity activate
P2Y12 receptors on the microglial surface, inducing rapid
extension of microglial processes toward highly active
synaptic sites, participating in the regulation of synaptic
strength and the induction of long-term potentiation (LTP)
or long-term depression (LTD) [25,26].

Physiological Regulation of Microglial Function by
Sleep

Microglia exhibit significant circadian rhythmicity in
their morphology and function, and are profoundly regu-
lated by the sleep-wake cycle [27,28]. Transcriptomic stud-
ies have shown that a large number of genes in microglia re-
lated to immune surveillance and synaptic remodeling fluc-
tuate in expression levels according to circadian rhythms,
primarily controlled by intrinsic clock genes such as Bmall
and Per1/2 [28,29]. During normal sleep, the contact area
of cortical synapses typically decreases, which is consistent
with the downscaling of synaptic strength proposed in the
SHY [5].

Studies have revealed that sleep promotes structural
remodeling of synapses by microglia. During non-rapid
eye movement (NREM) sleep, microglial process activity
increases, enabling more effective detection and clearance
of accumulated metabolic waste and structurally unstable
synaptic components [14,30]. Therefore, normal sleep ar-
chitecture is essential for maintaining moderate microglial
activation and synaptic homeostasis balance [11].

Impact of Sleep Deprivation on Microglia
Morphology and Function

Sleep deprivation is recognized as a potent neurobio-
logical stressor that significantly alters the brain’s immune
microenvironment. When the normal sleep-wake cycle is
disrupted, microglia transition from a physiological surveil-
lance state to a pathological activation state. This acti-
vation is characterized not only by pronounced morpho-
logical changes but also by increased release of immuno-
inflammatory mediators and alterations in metabolic signal-
ing pathways, laying the groundwork for subsequent abnor-
mal synaptic remodeling [31,32].

Morphological Remodeling and Immune Phenotype
Transformation

Morphological changes serve as the gold standard for
assessing microglial activation status. Under physiologi-
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cal conditions, resting microglia exhibit a ramified mor-
phology, with small cell bodies and long, thin processes
that facilitate monitoring of the synaptic microenvironment.
However, multiple studies in rodent models have demon-
strated that both acute and chronic sleep deprivation induce
transformations in microglia within the cerebral cortex and
hippocampus, including shifts toward ameboid or hyper-
ramified forms. These changes manifest as cell body hyper-
trophy, process retraction and thickening, and alterations in
cell surface area-to-volume ratio, typically indicating en-
hanced phagocytic activity [31,33,34].

These morphological shifts are accompanied by the
upregulation of specific markers. Sleep deprivation sig-
nificantly increased expression of ionized calcium-binding
adapter molecule 1 (Ibal) and cluster of differentiation 68
(CD68) on the microglial surface, with the latter primarily
localized to phagocytic lysosomes; elevated CD68 levels
directly indicate heightened phagocytic capacity [31,32].
This activated state is not uniformly distributed but is pre-
dominantly concentrated in brain regions closely associated
with cognition and emotional regulation, such as the PFC
and hippocampus, suggesting that sleep deprivation exerts
selective effects on specific neural circuits [16,34].

Release of Neuroinflammatory Factors

Sleep deprivation not only alters the structure of mi-
croglia but also promotes their polarization toward a pro-
inflammatory phenotype (similar to M1-like) [35,36]. Ac-
cording to the “cytokine hypothesis” of sleep regulation,
sleep loss leads to a secondary elevation in brain pro-
inflammatory cytokine levels [37]. Studies have shown that
following sleep deprivation (SD) exposure, mRNA tran-
scription and protein release of interleukin-13 (IL-15), tu-
mor necrosis factor-a (TNF-«), and interleukin-6 (IL-6) in
microglia are significantly increased [32,34,38]. These cy-
tokines not only act as regulators of sleep homeostasis but,
when excessive, serve as neurotoxic mediators, further dis-
rupting blood-brain barrier permeability and establishing a
positive feedback loop that sustains microglial activation
[39,40]. This SD-induced “sterile neuroinflammation” en-
vironment alters neuron-glia communication signals, ren-
dering synapses vulnerable to damage.

Metabolic Signaling and the Mediating Role of
Purinergic Receptors

Prolonged wakefulness leads to the accumulation of
metabolic byproducts in the brain interstitial fluid, which
may serve as an initiating factor for microglial activation
[15]. Among these, adenosine and adenosine triphosphate
(ATP) play particularly critical roles [41]. As wakefulness
duration extends, extracellular adenosine concentrations
rise, acting on microglial surface adenosine A, 4 receptors
to induce morphological retraction and release of inflamma-
tory mediators [42,43]. Simultaneously, ATP released from
hyperactive or stressed neurons acts as damage-associated
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molecular patterns (DAMPs), activating the NOD-like re-
ceptor family pyrin domain containing 3 (NLRP3) inflam-
masome pathway in microglia via P2X7 and P2Y 12 recep-
tors [37,44]. This indicates that sleep deprivation, by mim-
icking a state of metabolic stress, misleads microglia into
initiating an immune response similar to that triggered by
brain injury.

Mechanisms of SD-Induced
Microglial-Dependent Synaptic Remodeling

Although synaptic pruning is a necessary process for
refining neural circuits during development, its reactivation
induced by sleep deprivation in adulthood is often destruc-
tive [45]. A study shows that sleep deprivation disrupts
developmental signaling pathways, impairing microglia’s
ability to accurately distinguish functional synapses from
redundant ones, thereby causing “over-pruning” [46]. The
schematic representation of these microglial-dependent
synaptic remodeling mechanisms under physiological and
sleep-deprived conditions is illustrated in Fig. 1.

Abnormal Reactivation of the Complement Cascade

The complement system is the core mechanism me-
diating microglial synaptic elimination [47]. Bellesi et al.
[15] found that sleep deprivation leads to significant upreg-
ulation of C3 mRNA and its protein levels in mouse cor-
tical neurons. This deposition of C3 acts as an “eat me”
signal, recognized by the high-affinity receptor CR3 on the
microglial surface, thereby triggering the phagocytic cas-
cade [18,45,48].

Under normal sleep conditions, complement levels re-
main low; whereas during sleep deprivation states, post-
synaptic components, such as dendritic spines, are erro-
neously marked [49]. Electron microscopy and related
imaging analyses have shown that sleep loss promotes glial
engulfment of synaptic elements and is accompanied by
increased microglial activation in the mouse cortex [15].
This indicates that sleep deprivation reactivates the devel-
opmental C3-CR3 axis, leading to pathological clearance of
synapses that should be preserved in the adult brain, which
may be the molecular basis for cognitive deficits and dis-
ruptions in network connectivity [18,48].

MerTK Pathway and Phosphatidylserine
Externalization

In addition to the complement system, the Mer tyro-
sine kinase receptor (MerTK) is also a key receptor regulat-
ing microglial phagocytic function [50]. MerTK mediates
phagocytosis by recognizing phosphatidylserine (PS) on the
cell membrane surface [51]. Under normal conditions, PS
is located on the inner side of the cell membrane, but when
synapses are damaged or experience metabolic stress (such
as oxidative stress induced by prolonged wakefulness), PS
may translocate to the membrane surface, emitting an “eat
me” signal [52].
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Fig. 1. Schematic representation of microglia-dependent synaptic remodeling under physiological sleep and sleep deprivation
states. Under physiological sleep conditions (left panel), microglia exhibit a ramified, surveillant morphology associated with basal
ATP and low complement component 3 (C3) levels, ensuring the maintenance of stable dendritic spines and intact neuronal circuits.
Conversely, sleep deprivation (right panel) induces a phenotypic shift in microglia toward an activated, ameboid or hypertrophic state,
driven by the accumulation of extracellular ATP (orange circles) and the release of pro-inflammatory cytokines such as IL-1/3 and TNF-a.
This pathological activation facilitates the aberrant tagging of synapses by elevated C3 (purple circles), triggering excessive microglial
engulfment of synaptic components (“over-pruning”), which results in fragmented synapses and a significant reduction in dendritic spine
density. The central arrows indicate the dynamic nature of this process, suggesting that recovery sleep may help restore microglial
homeostasis and synaptic integrity. Schematic diagrams were created with Adobe Illustrator (Version CC 2020; Adobe Inc., San Jose,

CA, USA). ATP, adenosine triphosphate; IL-18, interleukin-1/; TNF-a, tumor necrosis factor-a.

The local synaptic metabolic stress caused by sleep
deprivation may induce PS externalization, combined with
growth arrest-specific protein 6 (Gas6) as a bridging
molecule, activating MerTK on microglia, thereby initiat-
ing phagocytosis of synaptic terminals [53]. In addition,
sleep deprivation may also alter the expression balance of
CD47-SIRP« (“don’t eat me” signal), lowering the protec-
tive threshold of synapses, rendering them more vulnerable
to microglial attack [18,54].

Astrocyte-Microglia Synergistic Interactions

Microglia do not act in isolation; astrocytes play a
key synergistic or initiating role in SD-induced synaptic re-
modeling [55]. As the primary cells for synaptic metabolic
support, astrocytes are particularly sensitive to extracellular
glutamate and potassium ions produced by prolonged wake-
fulness [56]. Studies have shown that astrocytes secrete
IL-33, which directly enhances microglial phagocytic ca-
pacity and establishes a feedback loop tied to synaptic mat-
uration. They also release TGF-/3, which upregulates Clq,
thereby promoting complement-dependent synaptic prun-
ing by microglia. Additionally, reciprocal mechanisms may
exist, such as microglia releasing insulin-like growth factor

1 (IGF-1) to guide astrocytic phagocytosis, while both cell
types coordinate the balance between synapse formation
and elimination through extracellular matrix remodeling—
astrocytes primarily producing extracellular matrix (ECM)
components and microglia potentially degrading them via
metalloproteinases [55]. Under sleep deprivation, this glial
crosstalk can be disrupted or amplified: acute sleep depri-
vation primarily enhances astrocytic phagocytosis of synap-
tic elements, whereas chronic sleep deprivation further ac-
tivates microglia, promoting their phagocytic activity and
leading to excessive synaptic elimination with potential
neuroinflammatory consequences [15]. Collectively, this
glial crosstalk establishes a positive feedback loop that ex-
acerbates the loss of synaptic density.

Impairment of Synaptic Structural Proteins and
Plasticity

The ultimate consequence of the above phagocytic
mechanisms is the degradation of synaptic structural pro-
teins and impaired plasticity [57]. Sleep deprivation leads
to significant downregulation of the scaffold proteins PSD-
95 and Synapsin-1 in the hippocampus and PFC [38]. Func-
tionally, excessive microglial synapse pruning directly dis-
rupts the induction and maintenance of long-term potentia-
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Fig. 2. The neuroimmune vicious cycle connecting sleep disturbances and psychiatric symptoms. This schematic illustrates the

bidirectional mechanism of comorbidity between sleep deprivation and psychiatric disorders. (1) Sleep Disturbance (e.g., insomnia or

sleep fragmentation) acts as a neurobiological stressor that triggers neuroinflammation and induces a phenotypic transition of microglia

into an activated or “primed” state. (2) Activated Microglia release pro-inflammatory cytokines and exhibit enhanced phagocytic ac-

tivity, erroneously eliminating healthy synaptic structures. (3) Synaptic Pathology, manifesting as reduced dendritic spine density or

aberrant pruning, disrupts neural network connectivity (particularly in the PFC and hippocampus), constituting the anatomical substrate

for cognitive deficits and emotional dysregulation. (4) Psychiatric Symptoms in turn exacerbate sleep quality, forming a self-sustaining

“sleep—neuroimmune—synapse” pathological feedback loop. This cycle explains why sleep loss acts as both a prodromal symptom and

an independent risk factor for disease exacerbation. Schematic diagrams were created with Adobe Illustrator (Version CC 2020; Adobe

Inc., San Jose, CA, USA).

tion (LTP), while possibly abnormally enhancing long-term
depression (LTD) [58—60]. This pathological leftward shift
in synaptic efficacy weakens the information storage capac-
ity of neural networks, highly consistent with the common
phenotypes of cognitive rigidity and memory impairment
in mental illnesses [59].

Pathological Implications in Major Psychiatric
Disorders

Given the high prevalence of sleep disturbances in
patients with psychiatric disorders [61] and the role of
synaptopathy as a shared anatomical substrate across mul-
tiple mental illnesses [62], microglia-mediated abnormal
synapse remodeling offers a novel perspective for under-
standing the mechanisms underlying comorbidity in these
conditions. As illustrated in Fig. 2, this process creates
a neuroimmune feedback loop where sleep disturbance
and psychiatric symptoms mutually exacerbate each other
through synaptic pathology.

Major Depressive Disorder (MDD)

Chronic insomnia and disruptions in sleep architec-
ture, such as reduced slow-wave sleep and shortened rapid
eye movement (REM) latency, represent core clinical fea-
tures of MDD [63]. For decades, MDD has been associ-
ated with reduced gray matter volume in the PFC and hip-
pocampus, characterized at the microscopic level by de-
creased dendritic spine density and loss of synaptic connec-
tions [64].

Mounting evidence suggests that a “primed” state of
microglia induced by sleep deprivation may result in this
synaptic loss [15]. In models of chronic stress or sleep re-
striction, hippocampal microglia become activated and re-
lease pro-inflammatory cytokines such as IL-12, which not
only suppress the expression of brain-derived neurotrophic
factor (BDNF) but also directly phagocytose postsynaptic
dendritic spine structures, leading to collapse of the exci-
tatory/inhibitory balance in neural networks [65—67]. This
glia-mediated synaptic stripping effect may constitute the
neurobiological basis for anhedonia and cognitive slowing
observed in treatment-resistant depression.
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Schizophrenia

Schizophrenia is widely considered a neurodevelop-
mental disorder, with its typical peak onset in late adoles-
cence to early adulthood, coinciding with the normal peak
period of synaptic pruning in the human brain [68]. Signif-
icant reductions in synaptic density in the cerebral cortex,
particularly the PFC, in patients support the plausibility of
the “over-pruning” hypothesis [69,70].

Recent genome-wide association studies (GWAS)
have identified variants in the complement component 4
(C4) gene as the strongest genetic risk factor for schizophre-
nia, where C4 serves as a key molecule mediating mi-
croglial phagocytosis of synapses [71]. Meanwhile, pa-
tients with schizophrenia often exhibit marked reductions
in sleep spindles and deficits in slow-wave sleep [72]. Evi-
dence suggests that, during critical developmental periods,
sleep disturbances may further activate the genetically vul-
nerable C4-microglia pathway, leading to excessive elimi-
nation of cortical synapses and ultimately disrupting neural
circuits responsible for higher cognitive functions [73,74].

Anxiety Disorders and Post-Traumatic Stress
Disorder (PTSD)

Unlike the synaptic loss commonly observed in
schizophrenia, the pathological changes in anxiety disor-
ders and PTSD exhibit brain region-specific heterogene-
ity [75]. In the amygdala, a core brain region responsible
for fear and emotional processing, prolonged sleep depriva-
tion or stress exposure often leads to an abnormal increase
in dendritic spine density or pathological strengthening of
synapses, whereas the PFC (responsible for emotional reg-
ulation) typically exhibits atrophy [76—78].

Microglia play a dual role in this process. Studies
have shown that sleep deprivation sensitizes microglia in
the amygdala, enabling them to enhance excitatory synap-
tic transmission by secreting mediators such as TNF-q,
thereby impeding fear extinction [79,80]. This explains
why sleep disturbances are not only symptoms of PTSD but
also factors in a vicious cycle that makes traumatic memo-
ries difficult to erase and sustains anxiety symptoms.

Clinical Evidence From Post-Mortem and
Neuroimaging Studies

To bridge the gap between mechanistic animal mod-
els and human clinical pathology, an increasing body of
evidence implicates aberrant synaptic remodeling and mi-
croglial activation in the pathogenesis of psychiatric disor-
ders. By integrating large-scale genomic data with post-
mortem histological evidence, researchers have consis-
tently quantified deficits in postsynaptic elements—most
notably dendritic spine density within the PFC—thereby
providing anatomical validation for the ‘synaptic pruning’
hypothesis in schizophrenia [68,81]. Parallelly, stereologi-
cal investigations in major depressive disorder (MDD) have
revealed significant reductions in synapse counts and glial

cell density within key socio-emotional regulatory circuits
[82—84]. These structural impairments offer a neurobiolog-
ical basis for functional connectivity deficits, which are fur-
ther exacerbated by sleep disturbances.

Complementing these post-mortem findings, recent
advancements in Positron Emission Tomography (PET) tar-
geting Synaptic Vesicle Glycoprotein 2A (SV2A) have en-
abled the in vivo quantification of synaptic density. Specif-
ically, studies employing the [1*CJUCB-J radiotracer have
demonstrated widespread reductions in synaptic terminal
density within the frontal and anterior cingulate cortices of
patients with schizophrenia [85,86]. These deficits signifi-
cantly correlate with the severity of cognitive impairment,
reinforcing the clinical relevance of synaptic loss. Fur-
thermore, translocator protein (TSPO)-targeted PET imag-
ing has provided evidence of neuroinflammation and mi-
croglial activation across major psychiatric disorders. Cru-
cially, these human neuroimaging findings often align with
the severity of sleep disturbances, providing robust clinical
validation for the ‘sleep-microglia-synapse’ axis originally
conceptualized in preclinical models [87—89].

Therapeutic Perspectives

Elucidating the pathological mechanisms by which
sleep deprivation mediates abnormal synaptic remodel-
ing through microglia not only deepens our understanding
of the etiology of psychiatric disorders but also provides
highly promising interventional targets for clinical treat-
ment. The core of therapeutic strategies lies in blocking the
pathological activation and excessive phagocytosis of mi-
croglia and promoting the recovery and reconstruction of
synaptic homeostasis.

Sleep Intervention and Recovery of Synaptic
Homeostasis

The most direct therapeutic approach is to address the
sleep disorders themselves. Cognitive Behavioral Ther-
apy for Insomnia (CBT-]) is currently the first-line non-
pharmacological treatment regimen [90]. Preclinical stud-
ies have shown that providing sufficient recovery sleep after
acute sleep deprivation partially restores microglial mor-
phology to a resting state, with levels of synaptic phago-
cytosis markers also decreasing [91]. This indicates that
early intervention can be reversible. However, in the case of
long-term chronic sleep restriction, simply catching up on
sleep may not fully reverse the “primed” state of microglia
[92]. Epigenetic modifications induced by prolonged sleep
deprivation may render microglia more sensitive to subse-
quent stressors [93]. Therefore, in the treatment of chronic
psychiatric disorders, simply improving sleep may need to
be combined with immunomodulatory strategies to achieve
optimal efficacy [94].
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Targeted Pharmacological Interventions on
Microglia

Given the central role of microglia in synaptic pathol-
ogy, the development of drugs that specifically modu-
late their function has become a hotspot in translational
medicine.

Minocycline: As a highly lipophilic tetracycline an-
tibiotic, minocycline effectively crosses the blood-brain
barrier and exhibits broad-spectrum anti-inflammatory ef-
fects along with inhibition of microglial activation [95].
Multiple animal experiments have confirmed that minocy-
cline pretreatment can prevent sleep deprivation-induced
release of pro-inflammatory factors and synaptic loss [96].
Although clinical trials in depression and schizophrenia
have shown heterogeneous results, it still holds promise as
an adjunctive therapy [97-101].

CSFI1R Inhibitors: Colony-stimulating factor 1 re-
ceptor (CSF1R) is a key signaling pathway for maintain-
ing microglial survival. Use of CSFIR inhibitors, such
as PLX3397/5622, can eliminate the vast majority of mi-
croglia in the brain within a short period [ 102]. Studies have
found that after microglial depletion, sleep deprivation-
induced dendritic spine loss is significantly ameliorated,
and newly regenerated microglia upon drug withdrawal of-
ten revert to a healthier phenotype [16,103]. Although
whole-brain cell elimination raises safety concerns for clin-
ical application, this validates blocking microglia as a fea-
sible pathway to rescue synaptic structure.

Complement and Purinergic Pathway Antagonists:
Specific antagonists targeting the C3-CR3 axis or P2Y12
receptors are under development, aiming to precisely block
the “synaptic phagocytosis” process without affecting other
physiological functions of microglia, such as neurotrophic
support, representing the direction of future precision
medicine [104,105].

Lifestyle Interventions

In addition to pharmacological approaches, lifestyle
modifications represent an effective means to maintain mi-
croglial thythmicity and function.

Aecrobic Exercise: Regular physical exercise has been
demonstrated to significantly downregulate neuroinflam-
mation levels in the brain, promote polarization of mi-
croglia toward an anti-inflammatory (M2-like) phenotype,
and increase the release of BDNF, thereby counteracting
synaptic damage induced by sleep deprivation [106,107].

Light Therapy: Given that microglia possess indepen-
dent clock gene mechanisms, timed and quantitative light
exposure, such as morning blue-enriched light irradiation,
helps recalibrate the circadian rhythms of the suprachias-
matic nucleus (SCN) and microglia, improves sleep ar-
chitecture, and indirectly maintains synaptic homeostasis
[108,109].
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Current Challenges and Future Perspectives

While the “sleep-microglia-synaptic remodeling” axis
offers a compelling framework for understanding psychi-
atric comorbidities, several critical knowledge gaps remain.
Bridging these gaps is essential for translating preclinical
findings into effective therapeutic strategies.

Unresolved Mechanisms in Microglial Synaptic
Regulation

A fundamental unresolved question is how microglia
distinguish synapses designated for elimination from those
meant for preservation or potentiation. While the com-
plement cascade (C3-CR3) [45,48] and phosphatidylserine-
mediated “eat-me” signals [51,52] are well-established, the
molecular safeguards that prevent aberrant “over-pruning”
in the mature brain remain elusive. Emerging evidence
underscores a critical equilibrium between pro-phagocytic
and anti-phagocytic (“don’t-eat-me”) signals, such as the
CD47-SIRPa axis [54]. However, it remains to be de-
termined how SD disrupts this homeostatic balance at the
single-synapse level. Furthermore, microglia exhibit func-
tional duality, ranging from synaptic stripping to spine for-
mation via BDNF-dependent mechanisms [65,106]. The
regulatory “switch” governing these divergent roles—and
whether SD biases microglia toward a detrimental phago-
cytic phenotype at the expense of their trophic functions—
warrants detailed investigation using high-resolution in vivo
imaging.

Heterogeneity in Sleep Deprivation Paradigms

Most extant studies utilize rodent models of total sleep
deprivation (TSD), which may not fully capture the pro-
found heterogeneity of human sleep disorders.

Temporal Dynamics—Acute Astrocytic Phagocytosis
vs. Chronic Microglial Priming: Current evidence sug-
gests a distinct cellular handoff in synaptic remodeling de-
pending on the duration of sleep deprivation. While acute
sleep deprivation primarily triggers astrocytic phagocytosis
of synaptic components—a process often serving a com-
pensatory metabolic function and largely reversible upon
recovery sleep—chronic sleep restriction is hypothesized to
drive microglia into a “primed” or hyperreactive state [92].
This chronic activation, potentially maintained by epige-
netic modifications, leads to sustained microglial-mediated
synaptic elimination that is resistant to homeostatic re-
covery. Identifying the critical temporal threshold where
this adaptive glial remodeling transitions into maladaptive
pathology is essential.

Sleep Architecture—Synaptic Vulnerability in REM
vs. NREM Deprivation: Microglial motility and morphol-
ogy are fine-tuned by sleep-stage-specific oscillations, with
NREM sleep particularly facilitating glymphatic clearance.
Given that distinct psychiatric conditions exhibit character-
istic sleep deficits—such as diminished slow-wave sleep in
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schizophrenia versus REM dysregulation in depression—it
is imperative to understand how selective REM or NREM
deprivation differentially modulates microglial-mediated
synaptic refinement [14,30,63,72].

Deprivation Paradigms—Total Sleep Deprivation vs.
Fragmentation and Hypoxia: Clinical conditions, notably
obstructive sleep apnea, are characterized by fragmenta-
tion and intermittent hypoxia rather than total deprivation
[17,58]. The synergistic effects of these insults on mi-
croglial polarization remain largely uncharted, with pro-
found clinical significance.

Translational Challenges and Safety Concerns

While microglial modulation presents a compelling
therapeutic avenue, translating preclinical findings into
clinical practice is fraught with challenges regarding speci-
ficity and systemic safety.

Pan-microglial vs. Targeted Inhibition: Global mi-
croglial depletion—achieved via CSFIR antagonism—
effectively mitigates dendritic spine loss in murine models
[16,102]. However, this approach carries significant clini-
cal risks, as microglia are indispensable for neuroprotective
surveillance and the clearance of cellular debris [10,30].
Prototypical long-term depletion may predispose the CNS
to secondary infections or accelerate neurodegeneration due
to impaired homeostatic maintenance [29,104].

The Temporal Window of Intervention: Synaptic
pruning is a highly choreographed, time-sensitive process
[22,45]. Therapeutic intervention following irreversible
structural damage may prove futile. Conversely, suppress-
ing pruning during critical neurodevelopmental windows—
particularly in the context of schizophrenia—risks disrupt-
ing essential circuit refinement and network maturation
[7,73].

Precision Targeting of Downstream Signaling: Rather
than broad immunosuppression (e.g., via minocycline), a
more nuanced strategy involves uncoupling pathological
phagocytosis from homeostatic functions. By specifically
targeting downstream cascades, such as the C3-CR3 axis
or P2Y12 signaling, it may be possible to arrest aberrant
synaptic stripping while preserving the cell’s vital repara-
tive roles [48,104].

Conclusion

In summary, sleep deprivation reshapes the CNS’s
immune microenvironment, transforming microglia from
physiological maintainers of synaptic homeostasis into
pathological, excessive phagocytes. Through mechanisms
including the complement cascade, purinergic signaling,
and glial cell crosstalk, sleep deprivation leads to abnor-
mal synaptic pruning and impaired neural circuit func-
tion, thereby playing a key pathogenic role in depression,
schizophrenia, and anxiety-related disorders. Although
current evidence primarily derives from animal models,

with ongoing challenges in human translational research,
imaging technologies, and sex differences, the “sleep—
microglia—synaptic remodeling” axis provides a novel inte-
grative framework for understanding the comorbid mech-
anisms of psychiatric disorders. Future research urgently
needs to integrate longitudinal clinical cohorts, multimodal
imaging, and precise molecular intervention strategies to
differentiate the effects of acute versus chronic sleep de-
privation and to target blockade of pathological synaptic
phagocytosis pathways, with the aim of opening new di-
rections in the prevention and treatment of psychiatric dis-
orders based on sleep and neuroimmune regulation.
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