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Abstract

Autophagy is a fundamental catabolic process that is critical for maintaining cellular homeostasis and protein quality control in the central
nervous system (CNS). While neuronal autophagy has been extensively characterized, growing evidence highlights the indispensable roles of
glial autophagy, specifically in astrocytes, oligodendrocytes and microglia, in CNS physiology and pathology. These glial populations employ
the autophagic machinery to regulate distinct but interconnected functions: astrocytes manage metabolic support and glutamate
homeostasis; oligodendrocytes rely on autophagic flux for differentiation and myelin maintenance; and microglia employ specific pathways,
such as LC3-associated phagocytosis, to orchestrate immune surveillance and inflammasome regulation. Impairment of glial autophagy has
been implicated in non-cell-autonomous neurodegeneration, leading to excitotoxicity, myelin damage, the emergence of
senescence-associated secretory phenotypes, and persistent neuroinflammation. Dysregulation of autophagic pathways during ageing has
also been implicated in the pathogenesis of multiple neurodegenerative diseases, including Alzheimer’s disease, Parkinson'’s disease,
Huntington's disease, and amyotrophic lateral sclerosis. In this review we summarize the cell-type-specific molecular mechanisms of
autophagy in glia, and delineate their role in the clearance of pathogenic aggregates such as g-amyloid, a-synuclein, and mutant huntingtin.
A deeper understanding of the spatiotemporal dynamics of glial autophagy and associated intercellular crosstalk is essential to fully
elucidate the complex etiology of age-associated neurodegenerative conditions.
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1. Introduction

Autophagy, derived from the Greek words o0TO (self) and @ay€LV (to eat), is a conserved process mediated by lysosomes that enables
eukaryotic cells to decompose and recycle their internal components and organelles!’-?l. This essential mechanism for cellular quality
control plays a crucial role in maintaining homeostasis by eliminating damaged organelles, misfolded proteins, and invasive
pathogens, and by repurposing the resulting macromolecules to maintain energy balance and cellular renewal. Functioning
continuously and in response to stress, autophagy is vital for embryonic development, survival during the neonatal stages, cellular
differentiation, and adaptation to metabolic, oxidative, and inflammatory challenges!'-l.

In mammalian cells, there are three distinct but interconnected autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA). All these processes ultimately lead to lysosomes, where cellular components are broken
down!?l In the case of microautophagy, the process is the direct engulfment of the cytosol by the invagination of the lysosomal
membranes!‘l. On the other hand, CMA relies on cytosolic chaperones, especially heat shock cognate protein HSC70, to recognize
substrate proteins with a KFERQ-like motif. These proteins are then directed to the lysosomal receptor LAMP2A for translocation and
subsequent degradation®l. Macroautophagy, often simply referred to as autophagy, involves the sequestration of cytoplasmic
material within double-membrane vesicles known as autophagosomes. These autophagosomes merge with lysosomes to form
autolysosomes, where cellular material is broken down and recycled!®,

The autophagic process unfolds through a sequence of meticulously orchestrated phases governed by autophagy-related (ATG)
proteins that have been conserved throughout evolution’ '3l Autophagy is triggered by either the suppression of the mTOR or the
activation of AMP-activated protein kinase (AMPK) when cells experience nutrient deprivation or various stress conditions. This
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activation stimulates the ULK1-ATG13-FIP200-ATG101 complex, which initiates the formation of a membrane precursor, the
phagophorel®l. The class Il phosphatidylinositol 3-kinase complex I, consisting of VPS34, Beclin 1, ATG14, and AMBRA1, produces
phosphatidylinositol-3-phosphate (PI3P). This molecule attracts downstream effectors WIPI2 and DFCP1 to nascent phagophores!® 3.,
These effectors facilitate the assembly of the ATG12-ATG5-ATG16L1 complex and the attachment of LC3 (microtubule-associated
protein light chain 3) to phosphatidylethanolamine, leading to the creation of membrane-bound LC3-1I, a vital marker and structural
component of the autophagosomal membranel!*!5],

Phagophore expansion is driven by lipid transfer, a process facilitated by ATG2 and ATGY, the latter of which acts as a scramblase to
modify the phospholipid distribution across the membrane leaflets!'*?°l. The autophagosome membrane is sealed by the endosomal
sorting complexes required for transport machinery, which performs the membrane fission necessary to close the vesiclel?!22l. Once
sealed, the autophagosome undergoes a maturation process involving the dissociation of ATG components and removal of PI3P,
preparing it for fusion with lysosomes through the actions of Rab GTPases, SNARE proteins, and tethering complexes. After fusion,
lysosomal hydrolases degrade the internal contents, releasing metabolites such as amino acids, fatty acids, nucleotides, and sugars
into the cytoplasm for reuse in biosynthesis and energy production!?321.,

Autophagy plays a vital role in the central nervous system (CNS) by ensuring cellular homeostasis and safeguarding neuronsl®l.
Astrocytes, the most abundant glial cells in the brain, exhibit a wide array of autophagic activities that extend beyond simple
self-preservation processes. In astrocytes, autophagy facilitates the removal of neurotransmitters, supports metabolic interactions
with neurons, and helps manage neuroinflammation through interactions with endothelial cells, microglia, and oligodendrocytes!‘l.
Impaired astrocytic autophagy can lead to brain instability, heightened oxidative stress, and the initiation of neuroinflammatory
responsesl!’.

A growing body of evidence has linked impaired autophagy to a range of neurological conditions, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), and stroke, all of which are characterized by
continuous neuronal damage and degeneration®l. Traditionally, research on neurodegeneration has focused on neurons; however,
glial cells, including astrocytes, microglia, oligodendrocytes, and ependymal cells, constitute the majority of the brain cell
population!®l. Particularly astrocytes, are now recognized as important players in the disease process. A lack of adequate autophagy
in astrocytes may exacerbate the accumulation of toxic protein aggregates, interfere with the metabolic support provided to
neurons, and increase the inflammatory responsel*7l,

Glial cells are involved in the pathophysiology of numerous neurodegenerative diseases and, act as a double-edged sword based on
the severity of the injury and the specific nature of the diseasel*°. On one hand, they can aid brain repair by performing phagocytosis,
offering metabolic support, and releasing growth factors. However, they can also inflict harm by triggering excessive
neuroinflammatory responses?®?7l, Considering the role of autophagy in both adaptive and innate immunity*®2°], autophagy is vital
for glial functions related to controlling inflammatory signalling, eradicating pathogens, sustaining immune modulators, and
modifying antigen presentation in various neurodegenerative diseases. Nonetheless, current studies have only begun to uncover how
autophagy influences the regulation of glial cells and their effects on neurodegenerative disorders.

2. Autophagy in Glia

Although glial cells constitute at least half of the brain’s cellular composition, the role of autophagy in glial regulation remains largely
unexplored. Glial cells are essential for maintaining neuronal homeostasis and overall brain function, influencing brain development,
synaptic activity, metabolism, and recovery following injury. Recent research has indicated that autophagy is critical for glial cell
formationl*%-31l, However, the majority of studies on neurodegeneration, nerve damage, and aging have predominantly focused on
neurons when investigating autophagy. Disruptions in the production or differentiation of glial cells can lead to structural and
functional abnormalities in the brain. There is limited evidence concerning the role of autophagy in regulating glial function under
both normal and pathological conditions!*>33, The investigation of autophagy modulation as a therapeutic strategy in glia is
constrained by an incomplete understanding of the ATG proteins and pathways involved in development and neurodegenerative
diseases. Furthermore, there is a lack of understanding regarding the specificity of pharmacological agents that inhibit or enhance
autophagy in glial cells.

As the understanding of the essential role of astrocytic autophagy in maintaining CNS health and addressing diseases expands,
pharmaceutical strategies aimed at restoring or enhancing this process have demonstrated significant therapeutic potential. By
targeting autophagic pathways, it may be possible to eliminate harmful aggregates, re-establish metabolic equilibrium, and reduce
neuroinflammation!’l. In the following sections, we examine the mechanisms, functions, and implications of glial autophagy,
emphasizing its increasing significance in maintaining brain homeostasis and mitigating neurodegenerative diseases.

2.1 Autophagy in astrocytes

Glial cells constitute approximately 50% of the total cellular population within the human brain, exhibiting significant heterogeneity
across different brain regions***>. Among this population, astrocytes account for approximately 20% and have traditionally been
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characterized as essential “housekeeping” cells responsible for neuronal support!®’l, These cells function to maintain the extracellular
milieu by regulating ionic and osmotic balance, facilitating neurotransmitter uptake, modulating neurovascular coupling, preserving
blood-brain barrier (BBB) integrity, and ensuring synaptic maturation and sustained function*7-*8l. This functional versatility is
underpinned by significant physiological diversityl**°l. Under pathological conditions, astrocytes undergo reactive astrogliosis, a
process involving profound morphological and transcriptomic alterations determined by the specific nature and severity of the
injury!*ll. Whether these reactive phenotypes exert protective or deleterious effects remains a subject of debate, a complex issue that
is further complicated by the difficulty of distinguishing astrocytic contributions from those of microglia, given the extensive
molecular signalling and crosstalk between these cell types during neurodegeneration!*?43,

As the predominant glial cell type in the CNS, astrocytes are integral not only to synaptic architecture and metabolic support but also
to the modulation of immune responses via the secretion of inflammatory mediatorst*"-*%*5l. While the specific mechanisms of
astrocytic autophagy are less defined than those in neurons, emerging evidence indicates that this pathway is vital for coordinating
astroglial physiology. In vitro studies have demonstrated that autophagy is essential for viability and the clearance of protein
aggregates, particularly when proteasomal degradation is compromised!*®l. A paradigmatic example of this critical function is
observed in Alexander disease, a rare astrogliopathy caused by dominant mutations in the gene encoding glial fibrillary acidic protein
(GFAP). In this condition, mutant GFAP, an intermediate filament exclusively expressed in astrocytes, accumulates in cytoplasmic
inclusions known as Rosenthal fibers, triggering proteasomal inhibition and stress pathway activation!*’"*l. Consequently, autophagy
is upregulated in an attempt to degrade these aggregates, suggesting a compensatory protective mechanism against
proteotoxicity>%->1,

In addition to protein quality control, autophagy is a critical regulator of astrocyte differentiation and development. In the embryonic
cortex, deletion of Atg5 impairs the differentiation of neural stem cells into astrocytes by inhibiting the SOCS2-JAK-STAT signalling
axis, whereas Atg5 overexpression promotes astrogenesist®?. A similar dependency is observed in the adult hippocampus, where
autophagic inhibition restricts astrocyte differentiationl>3l. Furthermore, autophagy maintains mitochondrial integrity during
neuroinflammation; autophagic sequestration of fragmented mitochondria prevents excessive reactive oxygen species (ROS)
production and cell deathl>"). Disruption of core autophagy genes, such as ATGS5 or ATG7, precipitates neurodegeneration in animal
models, highlighting the necessity of this pathway for CNS survivall>>->°l,

In the specific context of ischemic stroke, astrocytic autophagy exhibits a complex, dual role that is contingent upon the intensity of
activation and the cellular environment. Excessive autophagy, driven by factors such as circHECTD1 upregulation or zinc
accumulation, can exacerbate astrocyte injury. Conversely, moderately regulated autophagy is indispensable for survival, as its
inhibition promotes apoptosisl®’l. This delicate balance suggests that while unchecked autophagy may be detrimental, basal
autophagic activity is required to withstand ischemic stress, oxidative damage, and inflammation. Thus, modulating astrocytic
autophagy represents a potential therapeutic strategy, provided that the intervention can restore equilibrium rather than simply
suppressing or hyperactivating the pathway!>7-00],

2.2 Autophagy in oligodendrocytes

Oligodendrocytes, the primary myelinating glia of the CNS, undergo profound structural and functional remodelling throughout their
lifespan, a process driven by extensive protein synthesis, lipid production, and membrane compaction. Accounting for approximately
75% of the glial population in the human neocortex!®!], these cells act as fundamental architects of white matter, which is composed of
glial cells along with myelinated and unmyelinated axons!®%3. However, white matter is highly susceptible to aging, exhibiting
volume reductions of up to 28% and accumulating abnormalities beginning in middle agel°>°!. Given that both developmental
myelination and regenerative remyelination rely strictly on the differentiation of oligodendrocyte precursor cells (OPCs)[¢50¢],
autophagy has emerged as a critical regulatory mechanism governing oligodendrocyte function and resilience throughout the
lifespanl®7-¢91,

The lysosome-dependent catabolic pathway of autophagy is indispensable for oligodendrocyte differentiation, survival, and the
physical process of myelination[’’l, The transition from OPCs to mature oligodendrocytes is marked by a robust upregulation of
autophagic flux, characterized by increased levels of conjugated ATGS and LC3B-II, decreased p62, and a significant expansion of
autophagosomes and autolysosomes within distal processes. Autophagic markers, including ATGS5 and LC3B, localize to developing
myelin sheaths, suggesting that autophagosomes generated in expanding myelin are trafficked to the soma for degradation. This
activity is essential for development; Atg5 is required to increase autophagosome puncta and elevate LC3-1I levels in processes, and
appropriate cytoplasmic levels of this protein are necessary to ensure proper myelin compaction(’’], Disruption of this autophagic
machinery has severe consequences for myelin architecture. Conditional deletion of Atg5 in OPCs precipitates apoptosis, inhibits
differentiation, and results in significant hypomyelination, with surviving cells exhibiting cytoplasmic retention, swollen inner
tongues, and myelin outfoldings. Similarly, pharmacological inhibition impairs myelination in OPC-dorsal root ganglion co-cultures,
whereas autophagy induction via Tat-beclin1 or Atg5 overexpression enhances differentiation and myelin segment formation!”°l,

Mechanistically, autophagy is vital for the turnover of myelin basic protein (MBP). In the absence of autophagy, MBP fails to integrate
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into the myelin sheath and instead accumulates as high-molecular-weight aggregates within the cytoplasm. This is compounded by
the downregulation of endocytic recycling proteins, preventing the salvage of damaged MBP!"!l. Furthermore, autophagy deficiency
disrupts mitochondrial quality control (mitophagy), leading to compromised oxidative phosphorylation and energy deficits in white
matter. The convergence of proteotoxicity, mitochondrial dysfunction, and cellular loss results in “precocious aging-related
demyelination”, characterized by thinner myelin (increased G-ratios) and axonal loss!’!l. Consequently, animals lacking
macroautophagy display age-dependent neurodegeneration, behavioral impairments, seizures, and premature mortality!’>73l.

In addition to development, autophagy functions as a critical housekeeping mechanism in mature oligodendrocytes to preserve CNS
integrityl’!l. Inactivation of autophagy in adult myelinating cells leads to morphological defects such as myelin decompaction and
splitting, disproportionately affecting large-caliber axons. This disruption alters protein homeostasis, increasing proteolipid protein
(PLP) while reducing MBP and CNP, and compromises neuronal support, as evidenced by increased hippocampal caspase-3 activation.
In tamoxifen-inducible plpCreERT2; atg5f/f models, selective deletion of Atg5 in adults causes severe pathology in aged mice,
including axonal degeneration, impaired memory, and microglial activation indicative of myelin debris clearancel’*l. Aging
exacerbates these vulnerabilities, as autophagic efficiency naturally declines across the oligodendroglial lineage, contributing to
cognitive, motor, and sensory impairments!’> 8%, Aging myelin exhibits structural degeneration, such as balloon-like expansions and
paranodal pilling, whereas OPCs lose differentiation potential and mature oligodendrocytes reduce metabolic support via
downregulated MCT1 transporters and lipid synthesis®!.

Crucially, the age-related decline in autophagy drives OPC dysfunction beyond simple myelination failure; it induces premature
cellular senescence. Autophagy-deficient OPCs accumulate senescence markers P21 and P16INK4A, adopting a senescence-associated
secretory phenotype (SASP). These cells secrete elevated levels of chemokines CCL3 and CCL5, which bind to CCRS receptors on
glutamatergic neurons. This aberrant signalling suppresses synaptic transmission, neuronal excitability, and long-term potentiation.
Thus, while autophagy loss directly damages myelin, the resulting SASP-driven chemokine signalling is the primary driver of
neuronal plasticity deficits and cognitive declinel’!l. Finally, autophagy is integral to recovery from neurodegenerative injury.
Conditional Atg5 ablation impedes recovery following spinal cord injury!®?, and disruptions in this pathway impair myelin plasticity in
multiple sclerosis, precipitating demyelination!3°l. Conversely, Atg7 deletion leads to progressive motor decline and
neurodegeneration!’?l. These findings highlight the critical necessity of elucidating oligodendroglial autophagy mechanisms to
develop targeted therapies for demyelinating and neurodegenerative disorders.

2.3 Autophagy in microglia

Microglia, the resident innate immune cells of the CNS, are myeloid-lineage cells derived from embryonic erythromyeloid
progenitors in the yolk sac that migrate into the developing brainl®38!. As essential guardians of CNS homeostasis, these cells
continuously monitor the brain parenchyma to facilitate neurotransmission, regulate blood flow, and provide metabolic support.
Their housekeeping functions include the phagocytic clearance of apoptotic cells, myelin debris, and the sculpting of neuronal
circuits via synaptic pruning[®>-#8l, Microglial populations exhibit significant spatiotemporal heterogeneity in density and
transcriptomic profiles, with individual cells capable of persisting for decades!®*#°-°!l, Under conditions of injury or stress, microglia
undergo rapid proliferation and morphological transformation into an ameboid state. Recent advancements in transcriptomic
analyses have revealed that microglia exhibit a complex spectrum of activation states. Particularly in the context of
neurodegeneration, these cells undergo a transformation into a specialized disease-associated microglia (DAM) phenotype, which is a
state heavily reliant on intact autophagic flux for the clearance of pathological aggregates. However, this state can become
neurotoxic if the autophagic capacity is chronically overwhelmed!”%9%3l,

Autophagy functions as a critical regulator of cellular homeostasis within myeloid lineages, governing innate and adaptive immune
responses, phagocytosis, and antigen presentationl[?*1°%, Although research specifically targeting microglial autophagy is nascent,
existing evidence indicates it is indispensable for lysosomal degradation and physiological responsiveness. Genetic ablation of
autophagic pathways disrupts CNS stability; specifically, the deletion of Atg7 impairs synaptosome degradation, resulting in defective
connectivity and an accumulation of dendritic spines, highlighting the role of this pathway in synaptic maintenancel'°!l. Furthermore,
microglia-specific Atg7 deletion leads to the intracellular accumulation of phagocytosed myelin and exacerbates multiple
sclerosis-like pathology, distinguishing its role from Ulk 1-dependent pathways!'°2. Consistently, autophagy-deficient microglia drive
dysregulated oligodendrocyte homeostasis, characterized by increased cell density and myelination markers, thereby increasing
susceptibility to lethal seizures!’?l.

Autophagic flux is intrinsically linked to microglial activation states. The inhibition of autophagy via Atg7 deletion, Atg5 knockdown,
or pharmacological blockade precipitates a shift toward a pro-inflammatory phenotype, characterized by ameboid morphology and
the overproduction of cytokines such as IL-1f, IL-6, and TNF!193:101 These autophagy-deficient cells display transcriptomic profiles
resembling aged microglia enriched in neurodegenerative pathways!'%194, In vitro, Atg5 deletion exacerbates TNF-a-induced
neurotoxicity, a potentially reversible state using rapamycin or AKT inhibitors, suggesting that autophagy modulates polarization
during inflammation!'%3l. Moreover, disrupted autophagy triggers NLRP3-dependent inflammation, contributing to pathology
reminiscent of PDI!],
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In the context of AD, autophagy is markedly upregulated in DAM, evidenced by elevated LC3-1I and phosphorylated ULK1['%°l, This
upregulation facilitates the compaction of amyloid plaques and the clearance of amyloid-beta (AB) fibrils and o-synuclein
(o-syn)l197-1191 Conversely, the loss of autophagy compromises these protective mechanisms; Atg 7-deficient microglia fail to sustain
the DAM signature (downregulating Clec7a, Trem2, and Tyrobp) and instead adopt a senescence-associated microglial (SAM)
phenotype. This transition results in diffuse, toxic plaques and dystrophic neurites!'°®l. Therapeutic intervention with senolytics, such
as dasatinib and quercetin, can eliminate these senescent cells, restoring plaque compaction and reducing neurotoxicity, thereby
underscoring the necessity of autophagy for maintaining the protective DAM identity!'%%].

Finally, aging in the brain is characterized by “inflamm-aging”, a low-grade chronic inflammation driven by the accumulation of
undigested cellular waste and organelles!'!!). This decline in lysosomal clearance is mirrored by reduced mitophagy, which correlates
with human ageing and age-associated disorders!!'>!13l, Atg7 deficiency is linked to elevated levels of inflammatory cytokines and
inflammasome activation in macrophages, processes that are normally regulated by autophagy!!'*'°l. While the specific
contributions of glial autophagy to the aging process require further elucidation, bolstering these pathways via lifestyle or
pharmacological interventions offers a potential strategy to mitigate age-related neurodegeneration.

2.4 Inter-glial crosstalk: A coordinated autophagic network

A critical broader principle emerging in neurobiology is that glial cells do not operate in isolation; rather, their autophagic capacities
are intricately linked through constant intercellular communication. The functional state of one glial population directly affects the
metabolic and autophagic burden placed upon another. Recent comprehensive literature has elaborated the significance of these
complex, overarching glial networks and their collective impact on brain health in the context of astrocytes!!!°l

Inter-glial communication is crucial for coordinating autophagic processes that sustain homeostasis and promote repair in the CNS.
Particularly, the dynamic signaling between astrocytes and microglia is pivotal in regulating neuroinflammation and debris
clearance. Microglia, as primary injury sensors, secrete cytokines, such as IL-1a, TNF, and C1q, which induce a neurotoxic and
reactive state in astrocytes. This reactive transformation severely impairs astrocytic autophagic flux and reduces their capacity to
metabolically support neurons. Consequently, overwhelmed astrocytes release fragmented mitochondria and misfolded proteins that
microglia uptake for degradation through LC3-associated phagocytosis (LAP), demonstrating a reciprocal regulation of autophagy
between these glial populations!!!7118],

Similarly, microglia-oligodendrocyte interactions rely on coordinated autophagic functions for effective myelin repair. Upon myelin
damage, microglia need to clear myelin debris via autophagy to enable OPCs to differentiate and remyelinate axons. Failure of
microglial autophagy results in the persistence of myelin debris, which obstructs OPC maturation and stalls remyelination. Such
failure acts as a dominant catalyst for network-wide dysfunction, emphasizing how autophagic deficits in one glial population
adversely impact others. Notably, microglia-derived transglutaminase-2 signals through the G protein-coupled receptor ADGRG1 on
OPCs, promoting their proliferation and enhancing remyelination efficacy in demyelinating conditions, further illustrating the
importance of microglia-to-oligodendrocyte autophagic and signaling communicationt! %120,

In addition to these direct cellular interactions, glial crosstalk influences neuroinflammatory pathways that exacerbate or ameliorate
disease progression. Activated glial cells, including microglia and astrocytes, release proinflammatory cytokines that not only
promote neurotoxicity but also impair BBB integrity, amplifying neuroinflammation. The intercellular signaling among glia shapes
the inflammatory milieu and metabolic conditions within the CNS microenvironment. This complex glial interplay is instrumental in
determining outcomes in neurodegenerative diseases and aging-related neuroinflammaging, where dysregulated autophagy and
senescence contribute to chronic inflammation and neuronal dysfunctionl!!7-121-123],

In summary, the autophagic capacities of individual glial populations are tightly and dynamically coupled through intercellular
signaling pathways. The functional impairment in one glial type increases the metabolic and autophagic burden on others,
precipitating a cascading effect that compromises CNS homeostasis and repair mechanisms. Understanding these mechanisms opens
avenues for targeted therapies aimed at modulating glial autophagy and their communication networks to mitigate
neuroinflammation and promote myelin repair.

3. Glial Autophagy in Neurodegenerative Diseases

Under physiological conditions, autophagy functions as a cornerstone of cellular homeostasis; however, its dysregulation is
increasingly implicated in the onset and progression of neurodegenerative pathologies. The impairment of autophagic pathways
precipitates the accumulation of misfolded proteins and damaged organelles, thereby inducing cellular stress that ultimately
culminates in neuronal toxicity. This dependence is substantiated by experimental evidence demonstrating that the ablation of core
autophagy genes, such as ATGS or ATG?7, is sufficient to drive progressive neurodegeneration in animal models, thereby underscoring
the indispensability of this pathway for survivall>>>¢.1241, Historically, investigations have predominantly focused on neuronal
autophagy. However, the contribution of glial cells to the neurodegenerative landscape has recently emerged as a critical area of
inquiry. Given that glial cells are fundamental to brain development and function, understanding the mechanisms by which they
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maintain proteostasis and the consequences of their failure, remains a vital, albeit relatively unexplored, frontier. Emerging evidence
suggests that glial autophagy significantly modulates disease trajectories!>®°l, Consequently, this review examines the distinct
autophagic roles of astrocytes, oligodendrocytes, and microglia, and delineates how these processes influence the pathology of major
neurodegenerative disorders, including AD, PD, HD, and ALS. To conceptualize the shared and distinct mechanisms of glial autophagic
failure across these diverse pathologies, Table 1 provides a comparative synthesis of the primary protein aggregates, specific
autophagic defects, and the resulting glial and neuronal consequences in AD, PD, HD, and ALS.

Table 1. Comparative synthesis of glial autophagic dysregulation in major neurodegenerative diseases.

Primary - . . .
. . . Specific Autophagic Resulting Glial

Disease Glial Cell Type  Pathogenic . Impact on Neurons/CNS
Defect/Mechanism Phenotype

Aggregate

AD Astrocytes Extracellular A3 APOE4-mediated reduction in Pro-inflammatory "A1” AB-mediated neuronal death;
autophagic flux; TFEB/FOXO3A phenotype; loss of increased tau
dysregulation. neurotrophic support. phosphorylation.

Microglia Extracellular Ag, Atg7 deficiency; impaired SAM; NLRP3 Dystrophic neurites; diffuse
Tau LAP/LANDO; accumulation of p62. inflammasome toxic plaques; chronic
hyperactivation. neuroinflammation.
Oligodendrocytes Ap42 Atg5/Atg7 silencing; p62 Defective remyelination;  Axonal degeneration; loss of
accumulation. accumulation of myelin neuronal synchrony.
debris.
PD Astrocytes Extracellular Disrupted BAG3-dependent Astrogliosis; mitochondrial Reduced dopaminergic
a-synuclein clearance; ATP13A2/LRRK2GBA1  dysfunction; oxidative neuron survival; excitotoxicity.
mutations impairing lysosomes. stress.
Microglia Extracellular Impaired synucleinphagy; Atg5 Hyper-inflammatory state; Accelerated dopaminergic
a-synuclein deletion driving exosomal a-syn release.  neuron loss; enhanced
PDE10A-cAMP-NLRP3 axis. protein spreading.
Oligodendrocytes Extracellular Impaired autophagic flux Formation of GCls; myelin  Axonal disorganization; early
a-synuclein (decreased LC3-1], increased p62). swelling. white matter pathology.

HD Astrocytes mHTT mHTT co-localizes with TPC2, Loss of GLT-1 transporter; Severe excitotoxicity;
blocking NAADP-induced Ca%* impaired glutamate non-cell-autonomous
release and autophagic flux. uptake. neuronal death.

Microglia mHTT Unknown specific autophagic Secretion of chemokines  Activation of neuronal
defect; activation by mHTT. (CCL3, CCL4, CCL5). mTORCT via CCR5,
suppressing neuronal
autophagy.

ALS Astrocytes SOD1, TDP-43  Impairment of mTOR/ULK1/ Secretion of Secretion of TGF-B1
Beclin-1/p62/LC3B pathway; pro-inflammatory suppresses neuronal
reduced LC3B-IL cytokines (IL-18, TNF-q, autophagy; motor neuron

IL-6); loss of GLT-1. death.

AD: Alzheimer's disease; PD: Parkinson's disease; HD: Huntington's disease; ALS: amyotrophic lateral sclerosis; mHTT: mutant huntingtin; SOD1: Cu/Zn superoxide dismutase;
TDP-43: TAR DNA-binding protein 43; APOE: apolipoprotein E; TFEB: transcription factor EB; BAG3: BCL2-associated athanogene 3; NLRP3: NOD-like receptor family pyrin
domain containing 3; PDE: phosphodiesterase 10A; mTOR: mechanistic target of rapamycin; ULK: unc-51 like autophagy activating kinase 1; SAM: senescence-associated
microglia; GCls: glial cytoplasmic inclusions; GLT-1: glutamate transporter 1; CCL: C-C motif chemokine ligand; TNF: tumor necrosis factor; IL: interleukin; CNS: central
nervous system; CCR: C-C motif chemokine receptor; TGF: transforming growth factor.

3.1AD

AD represents the predominant form of dementia, manifesting as cognitive impairments, including memory loss and learning
deficits!'?°. The condition is classically distinguished by neuropathological hallmarks comprising extracellular AR plaques and
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intracellular neurofibrillary tangles composed of hyperphosphorylated taul!?’l. Furthermore, neuroinflammation has been identified
as a vital pathological element that influences both the onset and progression of the diseasel!?7-128], Specifically, reactive astrocytes
frequently aggregate near A plaques; their accumulation, in conjunction with tau phosphorylation, correlates with clinical
progression and cognitive deterioration seen in patients!'2%1321,

Regarding cellular mechanisms, disruption of autophagic flux in AD results in the buildup of autophagic vesicles filled with
undigested matter within dystrophic neurites. This accumulation indicates a failure in autophagosome maturation and lysosomal
fusion, subsequently hindering the clearance of toxic proteins such as A and taul>>-!33l. Concurrently, reduced expression of Beclin-1
is observed and associated with increased A burden and neurodegenerationt%!3!l. Crucially, the accumulation of the autophagy
adaptor SQSTM1/p62 in AD models serves as further evidence of this dysfunction!®’-'3°l. Highlighting the centrality of lysosomal
clearance in disease mechanisms, rare mutations in genes required for endosomal-lysosomal function, such as CHMP2B, disrupt
autophagy and present features overlapping with AD pathology!'®°l. Additionally, the age-related reduction in neuronal autophagic
capacity further aggravates tau pathology!!37l.

3.1.1 Astrocytes

In AD, astrocytes collaborate with microglia to mitigate the accumulation and toxicity of extracellular A} by actively internalizing and
degrading the protein. However, reactive astrocytes aggregate around A3 plaques, and their altered function significantly influences
the progression of the diseasel'??" 1321, Astrocytes serve as the primary source of apolipoprotein E (APOE), a critical mediator of AB
uptake and degradation, and they secrete specific AB-degrading proteases (Figure 1A)331387110]. The APOE4 isoform, identified as the
strongest genetic risk factor for late-onset AD, impairs astrocytic clearance of AR42 relative to the APOE3 isoform!3%141-143], Consistent
with this deficit, APOE4-expressing astrocytes exhibit reduced autophagy flux under both basal and stimulated conditions, which
compromises their ability to degrade AR 441451,
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Fortunately, this impaired autophagy in APOE4 astrocytes is partially reversible via pharmacological activation of autophagy
pathways. The upregulation of transcription factor EB (TFEB), a master regulator responsible for lysosomal biogenesis,
autophagosome formation, and autophagosome-lysosome fusion, restores lysosomal function and enhances the uptake and
degradation of ABI0:116-118] APOE4 disrupts this regulation; for example, APOE4-expressing glioblastoma cells fail to induce specific
autophagy genes under starvation conditions compared to APOE3 cells!'*!l. In vivo studies have demonstrated that TFEB
overexpression in the hippocampal astrocytes of APP/PSEN1 mice increases lysosomal activity and reduces amyloid plaques, while
exogenous TFEB in primary astrocytes promotes AP uptake, trafficking, and degradation through the endolysosomal system!(!*8].
TFEB’s capacity to regulate genes essential for autophagosome and lysosome biogenesis further underscores its central role in this
process!*9,

Direct evidence supporting astrocytic autophagy in A processing reveals that internalized AB1-42 localizes predominantly to
LC3-positive autophagosomes, whereas the deletion of Atg5 disrupts this LC3-AB co-localization and impairs A} clearancel'*°l.
Autophagy also facilitates the degradation of extracellular A by promoting the release of insulin-degrading enzyme, levels of which
are reduced in Atg7-deficient micel!>!l. Furthermore, astrocytes display “autophagy plasticity”, evidenced by the dynamic
upregulation of SQSTM1 and LC3B in response to A3, which helps maintain metabolic stability and proteostasis under proteotoxic
stress!'3°l. When autophagy is inhibited during AP exposure, astrocytes experience increased cell death, mitochondrial dysfunction,
and oxidative stress. Highlighting this protective role, in vivo astrocyte-specific disruption of autophagy exacerbates hallmark AD
pathologies, including greater plaque burden, increased tau phosphorylation, reactive astrogliosis, neuronal loss, and cognitive
impairments, while astrocytic LC3B overexpression ameliorates these phenotypes!'3l.

Transcriptomic analyses indicate that AD astrocytes adopt a proinflammatory, neurotoxic “A1” phenotype, downregulating neuronal
support genes and contributing to Af-mediated neuronal death!'>> 1571, APOE4 exacerbates this shift by altering the expression of ATG,
including SQSTM 1, MAP1LC3B, and LAMP2, and by interfering with transcription factors, such as TFEB and FOXO3A[33.00,144,145],
Consequently, diminished autophagy and mitophagy programs weaken astrocytic neurotrophic and synaptogenic support, causing
APOE4 astrocytes to fail in supporting neuronal survivall®3!44157, Beyond Af clearance, autophagy-inducing agents such as trehalose
or rapamycin promote tau clearance in neuronal and mouse tauopathy models!!>%159, Rapamycin also reduces tau tangles and
reactive astrocytes in tauopathy models, although it remains unresolved whether these effects occur directly in astrocytes or
secondarily via neuronal protection!!*®l. Additionally, rapamycin enhances plaque removal in APOE4 astrocytes within an in situ AB
plaque clearance model, further supporting the therapeutic potential of autophagy activation!'*>161,

3.1.2 Oligodendrocytes

AD pathology extends to oligodendrocytes and myelin integrity, where 3-amyloid peptides exert complex, dual effects that are both
toxic and regulatory!'°>1%3l. Specifically, AB-induced signalling, mediated through the integrin 1 receptor, Src-family kinase Fyn, and
Ca?'/CaMKII pathways, promotes the differentiation, maturation, and survival of oligodendrocytes. This signalling cascade enhances
MBP expression and facilitates remyelination in cerebellar slices[’!.1°2l. Despite these potential repair mechanisms, myelin
deterioration remains a hallmark of aging and AD progression, significantly contributing to axonal dysfunction and cognitive
declinel7:102.164 The loss of myelin disrupts neuronal synchrony, which in turn facilitates functional disconnections, neuronal loss,
and the cognitive deficits characteristic of AD!'*l. Furthermore, cortical myelin damage occurs prior to clinical symptoms, and this
dysfunction actually promotes A} deposition by causing the accumulation of the amyloid-processing machinery within axonal
swellings!'°>1°l. Complicating matters further, AB-associated microglia are redirected toward sites of myelin damage, thereby linking
myelin deterioration to both direct and indirect pathways of A accumulation!°°l.

In response to pathology, OPCs, specifically NG2 cells, are recruited to amyloid plaques where they internalize and degrade AB42
(Figure 1C). This process results in enhanced autophagy, evidenced by the elevated expression of MAP1LC3A, MAP1LC3B, and
BECN1[82107], However, the proliferation and differentiation of OPCs are impaired by dysregulated astrocyte-dependent
glutamate-glutamine cycling, suggesting that dysfunctional glial crosstalk plays a role in ADI®?l. The critical nature of autophagy is
demonstrated by the conditional silencing of ATGs Atg5 or Atg7 in oligodendrocytes, which induces neurodegenerative phenotypes
defined by myelin abnormalities, the accumulation of myelin debris, axonal degeneration, and neuronal death!’>1%8], Such myelin
dysfunction correlates with the toxic accumulation of myelin PLP!!%]. Furthermore, impairment of autophagy in OPCs increases their
vulnerability to ER stress and reduces cell survival, though acute inhibition of autophagy may temporarily enhance OPC survivall®210%,
Additional research indicates that the simultaneous inhibition of the pro-apoptotic gene BCL2 and autophagy increases
oligodendrocyte death!'’’l, Finally, key genes enriched in oligodendrocytes, including LAMP2 and PIP4K2A, which act as mediators of
lysosomal and autophagosome clearance, are frequently deregulated in the brains of AD patients, implicating them in the crosstalk
between AD pathology and oligodendrocyte autophagy!!’!l.

3.1.3 Microglia

Microglia function as central architects of the immune response in AD, mediating both synaptic dysfunction and neuroinflammation
induced by AB['7?l. Within these cells, autophagy serves as a critical negative regulator of cytokine production and inflammasome
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activation; specifically, the deletion of Atg7 skews microglia toward a proinflammatory phenotype characterized by elevated cytokine
secretion!!?%173l, Mechanistically, autophagic components such as LC3 associate directly with NLRP3 inflammasome aggregates to
temper the release of IL-1f3 and IL-18!'73l. Furthermore, microglia actively phagocytose axonal fragments, cellular debris, extracellular
AR, and tau deposits. These clearance processes are tightly coordinated with autophagy through LAP and LC3-associated endocytosis
(LANDO) pathways, which recruit autophagy proteins Atg5, Atg7, and Beclin1 to phagosomal membranes to facilitate lysosomal fusion
and degradation (Figure 1B)[!7*"178]. Together, these mechanisms significantly improve the efficiency with which microglia clear
pathogens and AP aggregates.

The LANDO pathway is particularly essential for recycling microglial A receptors, such as TREM2, and its disruption is known to
exacerbate neurodegeneration in AD models[!’®l. The direct link between microglial autophagy and AD pathogenesis is further
evidenced by microglial Atg7 knockout models, which exhibit impaired Af degradation and increased tau pathology!'*'%7l. To
counteract such deficits, regulatory pathways such as AMPK activation can promote microglial autophagy in response to Af3, thereby
enhancing lysosomal clearancel!?’l. Additionally, treatment with interferon-y has been shown to restore autophagy in microglia by
inhibiting Akt/mTOR signalling, a process that promotes Af clearance and leads to cognitive improvements in AD micel!"’l.

Microglia located adjacent to amyloid plaques often adopt a specific “disease-associated” subtype, distinguished by altered
expression of lysosomal/phagocytic pathway genes and AD risk genes, including APOE, TREM2, CSTD, LPL, and TYROBP!'7‘l. However,
chronic exposure to Af eventually reduces microglial autophagy, indicated by the accumulation of p62 protein and decreased levels
of the cargo receptor NBR1, which impairs AR degradation and exacerbates disease progression!'%-'51, This impairment is further
compounded by elevated microRNA-17, which inhibits microglial autophagy; conversely, inhibiting this microRNA restores clearance
capabilitiesl!81:182,

Defective autophagy also hinders the clearance of dysfunctional mitochondria, leading to mitochondrial fragmentation, ATP
depletion, and overproduction of ROS, factors that collectively enhance neuroinflammation and AD pathology. Stimulation of
mitochondrial autophagy (mitophagy) shifts microglia toward a beneficial phagocytic phenotype, reducing
NLRP3/caspase-1-dependent inflammation and TNF levels through PINK1-mediated pathways, thus offering significant therapeutic
promisel!831841, Ultimately, microglial autophagy exerts protective roles by mitigating neuroinflammation, preserving synaptic

function, and enhancing the clearance of A and tau, underscoring its critical status as a target for therapeutic intervention
in AD[I(H,1()7,172,173,17()].

In AD, a recurring pattern is characterized across the three main types of glial cells. Initially, the autophagic mechanism is
upregulated as a protective mechanism against A and myelin debris. However, it eventually becomes overwhelmed due to ongoing
proteotoxic stress and genetic susceptibilities like APOE4. This transition from adaptive clearance to autophagic failure represents a
key turning point in AD pathogenesis. When astrocytic, microglial, and oligodendroglial autophagy stalls, they often shift to
detrimental states, adopting neurotoxic, senescent, or pro-inflammatory characteristics, such as A1 astrocytes and SAM microglia.
Consequently, the breakdown of glial autophagy in AD should not be considered merely as a secondary consequence of
neurodegeneration. Instead, it functions as a primary driver of continuous inflammasome activation, impaired remyelination, and the
uncontrolled progression of tau and AP pathology.

3.2PD

PD ranks as the second most prevalent neurodegenerative disorder, following AD, and primarily exerts its effects on the motor
system. This condition is fundamentally characterized by the substantial loss of dopaminergic neurons within the substantia nigra
pars compacta, resulting in disrupted dopaminergic neurotransmission. A defining neuropathological feature is the presence of Lewy
bodies, cytoplasmic inclusions that are predominantly composed of aggregated a-syn!!®>l. At the pathological level, PD is driven by a
complex interplay of mechanisms, including mitochondrial dysfunction, oxidative stress, and impaired protein degradation processes
such as autophagy, alongside neuroinflammation and glial cell activation!!s°l,

Alongside these primary mechanisms, growing evidence highlights the significant influence of the microbiota-gut-brain axis in the
development and progression of PD. According to the Braak hypothesis, a-syn pathology might originate in the enteric nervous
system due to environmental factors or intestinal dysbiosis, eventually spreading to the CNS through the vagus nerve. Within this
axis, autophagy acts as a crucial initial defense to eliminate misfolded proteins in the gut. However, persistent gastrointestinal
inflammation and alterations in the microbiome can impair local autophagic and lysosomal processes, resulting in the unchecked
buildup of a-syn aggregates in enteric neurons. When the peripheral autophagic capacity is overwhelmed, these harmful aggregates
spread retrogradely to the brain. This transmission from the periphery to the center is accompanied by systemic inflammatory
signals that further impair the autophagic machinery in central glial cells, thereby hastening the neuroinflammatory processes and
protein spread that are characteristic of PDI!87-190],

3.2.1 Astrocytes

Astrocytes serve as fundamental regulators of homeostasis within the CNS, and a growing body of evidence highlights their central
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and active role in the pathogenesis of PD. This involvement is mediated primarily through mechanisms governing autophagy,
lysosomal degradation, mitochondrial quality control, inflammatory signalling, and proteostasis. Post-mortem examinations of PD
brains have established that cytoplasmic inclusions containing o-syn accumulate not only in neurons but also in astrocytes, proving
that these glial cells internalize and sequester pathological protein aggregates as the disease progresses!'?’:1?2l, Physiologically,
astrocytes internalize a-syn released from neurons via a TLR4-independent endocytosis pathway (Figure 2A)[13:191; once inside the
cell, the protein is targeted to lysosomes for degradation, suggesting that astrocytes normally function to clear extracellular o-syn
aggregates!['°l, However, this protective capacity has limits. High levels of extracellular o-syn can activate astrocytes through
TLR4-dependent inflammatory signalling, revealing that the protein itself can act as a pro-inflammatory stimulus!**.
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Figure 2. a-synuclein trafficking and autophagic failure in Parkinson’s disease. (A) Astrocytic synucleinphagy: Astrocytes internalize neuronal a-syn. High levels of extracellular
a-syn trigger TLR4-dependent inflammatory signalling. The clearance of intracellular aggregates occurs via BAG3-mediated autophagy. Disruption of mitochondrial quality
control (mitophagy), such as through Kir6.1 ablation, exacerbates ROS production and neurotoxicity; (B) Microglial clearance and spreading: Microglial uptake of a-syn
activates TLR4/NF-kB pathways, which upregulate p62 to facilitate synucleinphagy. Conversely, autophagy deficiency or PDE10A-cAMP dysregulation triggers the NLRP3
inflammasome. Dysfunctional microglia may also release a-syn-loaded exosomes, contributing to the propagation of pathology; (C) Oligodendroglial inclusions:
Oligodendrocytes internalize a-syn, forming GCIs. This process is driven by impaired autophagic flux, evidenced by decreased LC3-II and increased p62 accumulation,
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While astrocytes express low levels of a-syn under normal physiological conditions, the landscape changes drastically during PD
pathology. The accumulation of a-syn in astrocytes correlates with neuronal loss and may facilitate the spread of pathology across
different brain regions!(!?1-193.195-199] [nitially, the internalization of neuronal ¢-syn functions as a protective lysosomal degradation
mechanisml!91,193,195,196,200-200] 'However, excessive accumulation eventually becomes toxic, inducing oxidative stress, mitochondrial
dysfunction, secretion of pro-inflammatory cytokines, and astrogliosis, factors that ultimately compromise neuronal
survivall193:195.190,203,207,208] ' This toxicity is well-documented in experimental models; cultured astrocytes exposed to o-syn exhibit
marked astrogliosis and glial-neuronal toxicityl!93195.196,203,207.208] ' Fyrthermore, transgenic mice expressing mutant A53T o-syn
specifically in astrocytes display robust, early astrogliosis before behavioral symptoms arise, alongside microglial activation,
progressive degeneration of dopaminergic neurons in the substantia nigra, early paralysis, and a shortened lifespan(?¢l,
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Central to managing this burden is astrocytic autophagy, the modulation of which significantly impacts a-syn toxicity. In human
glioblastoma cell lines, activating BAG3-dependent autophagy by reducing CRYAB facilitates o-syn clearance, whereas CRYAB
overexpression in the astrocytes of A30P o-syn mice results in substantial accumulation?®l. These findings indicate that enhancing
astrocytic autophagy offers therapeutic potential for both astrocytes and neuronsl!!'?%190.207.208]_ Conversely, inhibiting autophagy or
lysosomal pathways increases insoluble o-syn levels!!?5:205.209 [ndeed, autophagy inhibition in transgenic animals exacerbates
aggregation, and o-synuclein overexpression disrupts autophagic flux by decreasing LC3-II levels and increasing p62
accumulation!202.205.200],

Several PD-associated genes expressed in astrocytes, including PARK2, PARK7, GBA, LRRK2, PINK1, ATP13A2, and PLA2G6, are
inextricably linked to critical astrocytic functions, such as lipid metabolism, mitochondrial activity, inflammation, and lysosomal
pathways[?>1°l. Mutations in these genes disrupt homeostasis and may accelerate PD pathogenesis. ATP13A2 is particularly vital for
regulating the uptake and degradation of neuronal o-syn; loss-of-function mutations in this gene impair clearance, triggering NLRP3
inflammasome activation, increased IL-1f secretion, and heightened neuroinflammation(?°®-2!!l. In co-culture models, astrocytes with
ATP13A2 mutations show a reduced capacity to limit a-syn accumulation in dopaminergic neurons, thereby enhancing the
propagation of the protein!?!2l,

Similarly, LRRK2 G2019S mutations in patient-derived astrocytes lead to progressive endogenous o-syn accumulation caused by
impaired CMA and macroautophagy!?'?l. These mutated astrocytes are less effective at clearing extracellular aggregates and can even
transfer o-syn to surrounding neurons, contributing to degeneration?!3l. Mechanistically, increased LRRK2 kinase activity has been
shown to decrease LC3-I lipidation, interfering with autophagosome formation!?!*l. Furthermore, glucocerebrosidase (GCase),
encoded by GBA1, is essential for astrocytic autophagy. iPSC-derived astrocytes with GBA1 mutations display astrogliosis, impaired
lysosomal cathepsin activity, and o-syn aggregation!?!°], aligning with observations of autophagic defects (reduced LC3-1 and LC3-II
fragmentation) in GBA-deficient mice and primary cells?!2!7]. However, some studies suggest that GCase deficiency impacts
degradation differently depending on model-specific conditions?'sl,

Mitochondrial quality control, particularly mitophagy, acts as another critical layer of astrocyte-mediated neuroprotection. The
ablation of mitophagy via Kir6.1 knockout exacerbates motor deficits and dopaminergic neuron degeneration, whereas restoring this
pathway supports neuronal mitochondrial integrity?'%22°l. Whether triggered by genetic or epigenetic mechanisms, impairments in
autophagy and mitophagy lead to the buildup of dysfunctional mitochondria, a process closely linked to PD progression that may
originate within astrocytes themselvesl®-210.214.221 These deficits compromise the astrocyte’s ability to maintain redox homeostasis
and the BBB. Normally, astrocytes protect neurons by metabolizing dopamine via monoamine oxidase-B and
catechol-O-methyltransferase and producing antioxidants!>?2:223l, Chronic impairment of these systems, particularly during aging,
renders dopaminergic neurons vulnerable to stress!>!%-224],

Pathologically, soluble o-syn fibrils function as neurotoxic TLR4 ligands, triggering neuroinflammation in astrocytes and microglia
even before neuronal pathology manifests, as seen in striatal injection models[?>?>232, While TLR4 stimulation can mount a protective
antioxidant response, accumulated o-syn disrupts glutamate uptake by downregulating GLAST/EAAT1 and GLT-1/EAAT2, and
compromises BBB integrity by altering AQP4 localization[?’®. To combat this, astrocytes utilize synucleinphagy, a selective autophagy
pathway enhanced by decreased intracellular pH and glycolytic metabolism!!°%-233234, However, environmental neurotoxicants linked
to PD, such as rotenone and paraquat, can hijack this system; high concentrations of paraquat initially activate but later suppress
autophagic flux, causing the accumulation of toxic substances!?3,

Once intracellular accumulation occurs, toxic molecules can spread to other cells, including neurons, via exosomes, passive diffusion,
direct contact, or tunnelling nanotubes[?°7-230.237] Collectively, these findings emphasize that the autophagy-lysosomal system,
mitochondrial quality control, and metabolic adaptations in astrocytes are essential for regulating oi-syn homeostasis and preventing
the spread of toxic aggregates. Enhancing the astrocytic capacity for protein degradation therefore represents a promising
therapeutic strategy for slowing PD progression.

3.2.2 Oligodendrocytes

Oligodendrocytes in PD undergo early and progressive alterations, particularly within the motor cortex and underlying white matter.
Investigations have revealed significant axonal disorganization, enrichment of o-syn in neurofilaments, enlargement of myelinating
oligodendrocytes, and increased density of their precursors. These changes occur concurrently with elevated myelin proteins and
a-syn accumulation, beginning during the prodromal motor stages (Figure 2C)[?38l, Such findings contrast with the classical
perspective of PD as primarily a nigrostriatal degeneration, highlighting that adaptive structural remodelling occurs in
oligodendrocytes and myelin prior to the onset of overt neuropathology!?3#3°l, Region-specific responses are evident: intracortical
oligodendroglia increase myelin production around inhibitory axon collaterals, whereas oligodendrocytes in white matter motor
tracts increase in both number and size to ensheath larger pyramidal axons?*°. Animal models overexpressing o-syn replicate these
phenomena, demonstrating that increased myelin phospholipids precede myelin loss?!l.

Mechanistically, oligodendrocytes internalize o-syn from the extracellular milieu. Subsequent mitochondrial dysfunction and
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oxidative stress impair autophagy, which results in the accumulation of o-syn aggregates and the formation of glial cytoplasmic
inclusions (GCIs)?4224], This pathological aggregation further reduces autophagic efficiency, creating a cycle that perpetuates o-syn
buildup. Consequently, enhancing autophagy to block a-syn accumulation in oligodendrocytes has been identified as a strategy with
significant therapeutic potentiall>*>l,

3.2.3 Microglia

Microglial autophagy serves as a pivotal reqgulator of neuroinflammation, neuronal survival, and the pathogenesis of PD. Genetic
evidence strongly links mutations in PD-associated genes, specifically SNCA, LRRK2, PRKN, and PINK1, to autophagy and
mitochondrial quality control, reinforcing the critical role of autophagic pathways in disease susceptibility?*247l. Functional studies
further demonstrate that microglial Atg5 is indispensable for maintaining CNS homeostasis. Animals with a microglia-specific Atg5
deletion manifest PD-like features, including accelerated dopaminergic neuron loss and heightened inflammatory responses!!05248.2491,
Furthermore, the loss of Atg5 exacerbates MPTP-induced neurodegeneration by activating the NLRP3 inflammasome!?>*”], proving that
microglial autophagy acts to restrain inflammatory cascades that contribute to neuronal damage. Conversely, impaired autophagy
leads to the accumulation of phosphorylated and insoluble o-syn within microglial'®”l, positioning defective autophagy as a
mechanistic driver of pathological a-syn burden.

To manage this burden, microglia degrade misfolded o-syn through a selective autophagy process termed “synucleinphagy”, which is
mediated by p62/SQSTM1 and reduces o-syn accumulation, thereby supporting neuroprotection!'°’l. The activation of microglia by
a-syn involves toll-like receptors (TLRs) and NF-KB signalling, both of which transcriptionally upregulate p62 to facilitate the
clearance of pathogenic a-syn (Figure 2B)[10%2501 Similarly, enhancing CMA decreases o-syn levels and protects neurons from
toxicity?>!l. Microglial autophagy can also be triggered via the p38-TFEB pathway, which inhibits CMA-dependent NLRP3 degradation
and subsequently reduces inflammatory signalling!?>?l. Collectively, these findings highlight the broad neuroprotective impact of
microglial autophagy in PDI105:109.247-249],

Deficiency in microglial autophagy promotes profound dysfunction at behavioral, cellular, and molecular levels. Conditional Atg5
knockout results in age-dependent neurological impairments; while young mice exhibit normal behavior, by 8 months Atg5 cKO mice
display gait abnormalities and cognitive deficits, indicating that microglial autophagy supports both motor coordination and
cognitive learning!'%l. These behavioral outcomes parallel the early and sustained degeneration of tyrosine hydroxylase-positive
dopaminergic neurons and reduced striatal dopamine, with downward trends in DOPAC levels detected as early as three months!%3,
This deficiency induces a robust pro-inflammatory environment marked by strong upregulation of Il11b, Nos2/Inos, and Tnfin both
young and aged microglial'®l. Mechanistically, the loss of Atg5 activates NLRP3 through dysregulation of PDE10A-cAMP signalling,
leading to elevated IL-1f3, which stimulates macrophage migration inhibitory factor (MIF) to further amplify inflammation.
Importantly, pharmacological inhibition of NLRP3 rescues microglial hyperactivation and prevents neuronal loss, demonstrating that
autophagy suppresses a specific PDE10A-cAMP-NLRP3-1L1B-MIF inflammatory axis that drives neurodegeneration!!°l, Under
homeostatic conditions, microglia maintain CNS integrity by continuously surveying their environment via dynamic
protrusions?>32%], This surveillance supports metabolite clearance, regulates neurogenesis, and ensures overall tissue stability2>¢-257],
However, when exposed to endogenous or exogenous insults, microglia transition from a quiescent to an activated state, adopting
macrophage-like properties and releasing inflammatory mediators[?27-258-2001,

Historically classified into the binary categories of M1 and M2, microglial activation is now understood to be a highly dynamic and
transcriptomically varied spectrum. In the context of neurodegenerative diseases, microglia adopt specific profiles, such as the DAM
phenotype. Initially, the DAM state serves as a protective mechanism, characterized by high phagocytic activity aimed at removing
debris, dying cells, and neurotoxic aggregates like o-syn, a process that heavily depends on functional autophagic flux![03.201,262],
However, prolonged exposure to aggregated o-syn, along with the eventual saturation or failure of microglial autophagy, drives them
into a dysfunctional, hyper-inflammatory state. In this state, microglia release excessive amounts of proteases, ROS, and
pro-inflammatory cytokines, including IL-1(3, TNF-q, and IL-6, which are strongly associated with the loss of dopaminergic neurons in
the early stages of PDI?¢3:2¢4l, Furthermore, inhibiting the mTOR pathway under inflammatory conditions can restore autophagic
clearance, reduce this hyper-inflammatory activation, and prevent secondary neurotoxicity2¢3l.

Human PD studies confirm microglial involvement in the disease, with early neuropathological work identifying abundant
HLA-DR-positive reactive microglia in the substantia nigra of patients[?°l. Although single-cell transcriptional profiling shows
substantial microglial heterogeneity across brain regions in PD, limited sample sizes currently restrict definitive conclusions!?°7l,
Nevertheless, mechanistic studies have shown that o-syn aggregates in dopaminergic neurons drive PD pathogenesis!?*8l, and
activated microglia accelerate a-syn accumulation?°27%. To manage this burden, microglia exposed to aggregated o-syn form
F-actin—dependent intercellular networks that transfer o-syn from overloaded cells to naive microglia for rapid degradation, thereby
reducing inflammatory stress and increasing survivall?’!l, In parallel, however, microglia also transmit a-syn via exosomes, facilitating
its spread in the CNS and contributing to PD progression!'72272l. Misfolded a-syn alters TLR expression and activates NF-KB through
PKCS-dependent mechanisms, promoting inflammatory signalling!?73], yet microglia also clear a-syn through
TLR4-NF-KB-p62-mediated pathways to enable synaptic phagocytosis and neuroprotection!'?’l. Thus, a-syn both impairs and is
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regulated by microglial autophagy: exosomes from neurons overexpressing o-syn inhibit microglial autophagy!?>’*l, and while o-syn
accumulation increases p62/SQSTM1 expression, it suppresses autophagic flux!>°?l. Additionally, autophagy blockade enhances a-syn
release and intercellular transfer!?’>l. Ultimately, while whole-brain autophagy deficiency induces neurodegeneration!>, the specific
loss of microglial autophagy leads to more severe motor dysfunction, o-syn deposition, and dopamine neuron vulnerability when
o-syn levels are elevated!'°%2¢%, confirming that microglial autophagy directly degrades a-syn and NLRP3 to alleviate PD
pathology!?7°l,

A central theme in the development of PD is the dependence on glial cells to initially absorb extracellular o-syn. Astrocytes, microglia,
and oligodendrocytes actively take in o-syn from neurons, aiming to reduce the pathogenic load through a process called
synucleinphagy, a form of selective autophagy. However, a comprehensive review of current research indicates that this common
protective strategy becomes a source of non-cell-autonomous toxicity when the autophagic and lysosomal capacities of glial cells are
overwhelmed. Genetic mutations, such as LRRK2 and ATP13A2, along with environmental stressors, collectively impede autophagic
processes in these cells, turning them from protective agents into storage sites for aggregated o-syn. This collective failure eventually
leads to mitochondrial dysfunction, significant activation of the NLRP3 inflammasome, and the exosomal spread of o-syn, which
directly affects the survival of susceptible dopaminergic neurons.

3.3HD

The expansion of a polyglutamine tract is the underlying cause of nine autosomal dominant neurodegenerative conditions,
encompassing several spinocerebellar ataxias and HDI?’7l. HD is a fatal, genetic neurodegenerative disorder defined by symptoms that
include involuntary movements, psychiatric disturbances, and cognitive deficits, for which no curative treatment currently
exists?’8279], The disease arises from an unstable expansion of CAG triplet repeats within the huntingtin (HTT) gene, which results in
the formation of an abnormal polyglutamine tract at the N-terminal region of the HTT protein[?*°l. While the toxicity in HD stems
primarily from a toxic gain of function of this mutant protein, the loss of normal HTT function also contributes to the dysfunction and
eventual death of projection neurons in the caudate/putamen (known as the striatum in mice) and the cerebral cortex?®!l. A defining
neuropathological hallmark of the disease is the presence of mutant HTT (mHTT) aggregates, which predominantly manifest in
neurons?®?l but are also found in glial cells[?83284],

Disease progression is closely correlated with the selective loss of medium-sized striatal spiny neurons in the caudate nucleus,
driving the progressive motor, psychiatric, and cognitive dysfunction observed in patients?®!l. Within HD neurons, autophagosomes
form normally; however, their capacity to recognize and sequester mHTT is compromised, thereby reducing degradation
efficiencyl>”l. While the ubiquitin-proteasome system is capable of degrading soluble mHTT, aggregated forms of the protein require
autophagy coupled to lysosomal degradation for clearancel?>281, Unfortunately, mHTT actively impairs this process by disrupting
cargo loading into autophagosomes!?*”l and by decreasing both autophagosome transport and degradation!?*3. More broadly,
polyglutamine expansions interfere with autophagy through several specific molecular mechanisms. For instance, pathologic
polyglutamine tracts compete with ataxin 3 for binding to beclin 1; this interaction leads to increased ubiquitination and degradation
of beclin 1, effectively abolishing autophagy activation!?*l. Additional mechanisms include the inhibition of TFEB by the mutated
androgen receptor, as seen in spinal and bulbar muscular atrophy!2l,

HD is also characterized by astrocytosis and progressive alterations in glial cells as mHTT accumulates and modifies brain cell
function?*!l. Concurrently, microglia shift toward an activated phenotype during the progression of the diseasel>’?.. When activated
by mHTT, these microglia secrete chemokines, specifically CCL3, CCL4, and CCLS, that activate the CCR5 receptor (Figure 3A). This
signalling cascade affects mTORC1 activation and inhibits neuronal autophagy via a non-cell-autonomous mechanism?92.2%31,
Although the role of microglia is increasingly recognized, there is currently no data regarding the involvement of oligodendrocyte
autophagy in HD.

3.3.1 Astrocytes

Astrocytes play a central role in the pathology of HD, particularly through their involvement in glutamate homeostasis and
autophagy. In the HD brain, disease progression correlates with an increase in reactive astrocytes, where the accumulation of HTT
protein is also observed?429°], A consistent feature of HD in both human brain tissue and animal models is the significant loss of the
astrocyte-specific glutamate transporter GLT-1 (also known as EAAT2), which is essential for the clearance of extracellular excitatory
glutamatel?94.290-2991 This reduction of GLT-1 impairs glutamate uptake and increases excitotoxic risk, highlighting the key
contribution of astrocytes to HD pathology (Figure 3B).

Experimental evidence supports a causal role for astrocytic mHTT in disease progression; mouse models selectively expressing mHTT
in astrocytes develop age-dependent motor deficits and a shortened lifespan?’l. Furthermore, when mHTT is expressed in both
astrocytes and neurons, neurological symptoms are exacerbated compared with expression in neurons alonel*?’l. These effects are
predominantly mediated by reduced glutamate transporter levels and impaired glutamate uptake by astrocytes?*429¢.297]. However,
additional astrocyte-dependent mechanisms also contribute, including imbalances in potassium homeostasis via Kir4.1 ion
channels!®*l and reduced secretion of brain-derived neurotrophic factor?°2,
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Figure 3. Non-cell-autonomous mechanisms in Huntington's disease. (A) Microglia-neuron crosstalk: Activated microglia secrete chemokines CCL3, CCL4, and CCL5 in

response to mHTT. These ligands bind to CCR5 receptors on neurons, triggering an intracellular signalling cascade that activates mTORC1. This microglial-driven activation of
neuronal mTORC1 inhibits neuronal autophagy via a non-cell-autonomous mechanism, exacerbating the accumulation of aggregates within neurons; (B) Astrocytic
dysfunction: The accumulation of mHTT in astrocytes leads to the loss of the GLT-1 transporter, impairing glutamate clearance and promoting excitotoxicity. mHTT
specifically impairs autophagy by co-localizing with TPC2 channels on lysosomes, blocking NAADP-induced Ca?* release and inhibiting autophagic flux. Created in
BioRender.com. mHTT: mutant huntingtin; GLT-1: glutamate transporter 1; TPC: two-pore channels; NAADP: nicotinic acid adenine dinucleotide phosphate; CCL: C-C motif

chemokine ligand; mTORC1: mechanistic target of rapamycin (complex 1).

Although astrocytes are reported to possess high proteolytic capacity, including for mHTT, which may explain why fewer aggregates
are observed in astrocytes compared to neuronsl®?3-304 astrocytic autophagy becomes progressively compromised during disease
progression. For instance, the effectiveness of astrocyte LAP decreases as HD advances[**l. Additionally, the overexpression of mutant
huntingtin (mHtt-Q74) in murine astrocytes impairs autophagy, a critical pathway for clearing protein aggregates, with important
implications for HD pathogenesis[*l. In healthy astrocytes, nicotinic acid adenine dinucleotide phosphate (NAADP) induces autophagy
by activating lysosomal two-pore channels (TPCs), particularly lysosomal calcium channels (TPC2). In mHtt-Q74-expressing
astrocytes, however, this pathway is blocked because mHtt-Q74 co-localizes with TPC2, suggesting a physical interaction that
disrupts channel function and lysosomal Ca?' signalling. This interference prevents NAADP-induced autophagy and blocks the final
degradative step, facilitating mHTT accumulation and cytotoxicity*°®l, Additional studies further demonstrate that mHTT directly
inhibits astrocytic autophagy. Transfection of astrocytes with the pEGFP-mHtt Q74 plasmid increases Ca?' release from lysosomes,
which promotes mHTT aggregation, and astrocytes overexpressing mHtt-Q74 show inhibited autophagy!*°°l. These findings align with
broader evidence that mHTT impairs cargo recognition and endosomal sorting, functionally uncoupling autophagosome initiation
from degradation despite intact autophagosome formation!%-307,

Fortunately, pharmacological activation of autophagy in astrocytes has shown protective effects in HD models. The administration of
rapamycin to primary astrocytes decreases mHTT levels, restores GLT-1 expression, and ameliorates deficits in glutamate uptakel3°®,
Similarly, trehalose reduces the accumulation of mHTT and synuclein in primary glial cultures derived from both wild-type and mHTT
micel*%l. These interventions restore astrocytic function and indirectly support neuronal survival, although some effects of
rapamycin and trehalose may occur independently of autophagy!©%-308.30%, Collectively, these findings demonstrate that astrocytes are
not passive bystanders in HD but active contributors to disease progression through dysregulated glutamate handling, impaired
autophagy, and altered lysosomal function. Disruption of astrocytic autophagy exacerbates mHTT accumulation and excitotoxic
stress, whereas restoration of autophagic pathways in astrocytes represents a potential strategy to mitigate neurodegeneration
in HD.

3.3.2 Microglia and oligodendrocytes

The impact of autophagy dysregulation on microglial phagocytosis and inflammation in the context of CNS senescence and disease
remains unknown!'”’l. Similarly, the impact of autophagy dysregulation in oligodendrocytes specifically with relevance to HD remains
largely unknown.
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In contrast to AD and PD, where the uptake of extracellular proteins primarily triggers glial autophagic failure, HD is characterized by
significant, inherent non-cell-autonomous toxicity directly caused by mHTT. The common theme is the stealthy ability of mHTT to
disrupt protective processes. In astrocytes, mHTT physically obstructs TPC2, halting autophagic flux and disrupting glutamate
balance. Whereas, in microglia, mHTT initiates a chemokine cascade that actively works to inhibit autophagy in nearby neurons.
Consequently, glial autophagic dysfunction in HD signifies a systemic network breakdown, where glia not only lose their inherent
capacity to clear aggregates but also actively release factors that undermine neuronal proteostasis. The notable absence of data on
oligodendroglial autophagy in HD remains a critical conceptual gap that needs to be addressed to fully comprehend this network
failure.

3.4 ALS

ALS stands as the most prevalent form of adult motor neuron disease, defined by the relentless degeneration of both upper and lower
motor neurons that ultimately results in paralysis and death!*!%3!1], Clinically, this progressive motor neuron loss manifests as muscle
weakness, paralysis, and fatal respiratory failurel*'!l. While approximately 90% of cases are sporadic (SALS), between 5-10% are
classified as inherited or familial (fALS)P'?l. These familial forms are linked to mutations in over 20 genes, most notably C9ORF72,
Cu/Zn superoxide dismutase (SOD1), TAR DNA-binding protein 43 (TDP-43), and fused in sarcoma, many of which converge on
pathways critical for RNA metabolism and protein homeostasis!?1%-313],

At the molecular level, ALS pathology is frequently characterized by the accumulation of aggregated proteins, particularly SOD1 and
TDP-43, which disrupt autophagic pathways and drive neuronal toxicity!>**!4l. Consequently, ATG dysfunction is recognized as a key
contributor to ALS pathogenesis. Several genes genetically associated with the disease, such as SQSTM1/p62 and TBK1, encode
proteins essential for autophagy receptor signalling and immune regulationl3!>31°, Specifically, mutations in TBK1 impair the
phosphorylation of autophagy effectors, resulting in defective mitophagy and aggrephagy. Similarly, mutations in optineurin, which
functions as a cargo receptor in mitophagy, disrupt mitochondrial quality control and have been detected in both familial and
sporadic ALS casesP!7l.

While motor neuron degeneration remains central to ALS, mounting evidence highlights that non-neuronal cells play critical roles in
disease initiation and progression. Non-cell-autonomous mechanisms involving glial cells have emerged as significant contributors
to pathology, particularly through their influence on neuroinflammation, proteostasis, and autophagy-dependent pathways[>!0-3131,

3.4.1 Astrocytes

Astrocytes have become a focal point in ALS research because of their significant contribution to non-cell-autonomous
neurodegeneration. Early investigations utilizing experimental rodent models expressing mutant SOD1 revealed that restricting the
expression of the mutation to neurons alonel*!8-*1°1 or astrocytes alonel*?! was insufficient to trigger neurodegeneration. Conversely,
the simultaneous expression of mutant SOD1 in both neurons and glial cells successfully recapitulated an ALS-like phenotypel32!-322,
Crucially, the selective deletion of mutant SOD1 specifically from astrocytes was shown to slow disease progression and extend the
lifespan of these models, confirming the critical pathogenic role of astrocytes in ALS!%3231 This involvement was further
substantiated by transplantation studies. The introduction of wild-type astrocytes into the spinal cord of mutant SOD1 rats slowed
disease progression and prolonged survival; conversely, transplanting astrocytes expressing mutant SOD1 into wild-type mice
induced local motor neuron degeneration and dysfunctionl*?!l, These results demonstrate that astrocytes can exert either
neuroprotective or neurotoxic effects, contingent upon their genetic and functional state.

The non-cell-autonomous toxicity mediated by astrocytes in ALS may stem from the active secretion of neurotoxic factors or the
forfeiture of essential support functions. Astrocytes harboring ALS-associated mutations are known to secrete neurotoxic molecules,
including pro-inflammatory cytokines (Figure 4A)[32573281, Specifically, astrocytes reprogrammed from the peripheral blood
mononuclear cells of SALS patients release abnormally high concentrations of the pro-inflammatory cytokines IL1B, TNFA, and IL6,
which prove toxic to motor neurons!??l, Parallel to this, astrocytic dysfunction in ALS encompasses the loss of the glutamate
transporter GLT1, leading to increased excitotoxicity[??*-33%] heightened oxidative stress that promotes neuronal toxicity!*?!-3321 and
defects in RNA trafficking that impede the translation of mRNAs vital for astrocyte functionl>33l

Astrocytic autophagy has also emerged as a pivotal regulatory mechanism in this context. Impairment of the
mTOR/ULK1/Beclin-1/p62/LC3B autophagy pathway has been documented in astrocytes derived from sALS patients and may drive
the increased secretion of pro-inflammatory cytokinest*2’l. Furthermore, reduced levels of LC3B-1I have been detected in astrocytes
from fALS models carrying the SOD1G93A mutation!>3*l. These alterations suggest a compromised autophagic flux in ALS astrocytes
that likely exacerbates neurotoxicity. Beyond intrinsic dysfunction, astrocytes expressing ALS-associated mutations can influence
neuronal autophagy non-cell-autonomously. Conditioned media from ALS astrocytes has been shown to suppress neuronal
autophagy through secreted factors such as transforming growth factor-1 (TGF-$1), which inhibits autophagy by activating mTOR
signalling within motor neurons (Figure 4B)[°*-335]. This astrocyte-driven suppression underscores the importance of astrocytic
autophagy in preserving motor neuron homeostasis.
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Figure 4. Astrocyte-mediated toxicity in amyotrophic lateral sclerosis. (A) Intrinsic astrocytic defects: ALS astrocytes harboring SOD1 or TDP-43 aggregates exhibit impaired
mTOR/ULK1/Beclin-1 pathways. This dysfunction leads to the loss of metabolic support (e.g., GLT1 downregulation) and the secretion of pro-inflammatory cytokines such as
IL-18, TNF, and IL-6; (B) Suppression of neuronal autophagy: Astrocytes exert non-cell-autonomous toxicity by secreting TGF-g1. This factor binds to receptors on motor
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degeneration. Created in BioRender.com. ALS: amyotrophic lateral sclerosis; SOD1: Cu/Zn superoxide dismutase; TDP-43: TAR DNA-binding protein 43; mTOR: mechanistic

target of rapamycin; ULK: unc-51 like autophagy activating kinase 1; IL: interleukin; TGF: transforming growth factor.

Therapeutic modulation of autophagy offers potential benefits in addressing this dysfunction. The application of autophagy-inducing
molecules enhances the clearance of TDP-43 in neurons and mitigates the toxicity of mutant TDP-43 in human stem cell-derived
astrocytes, hinting at therapeutic utility even though direct autophagic clearance of TDP-43 in astrocytes remains to be conclusively
demonstrated*?-33], Additionally, the pathology is driven by dysregulated stress granule dynamics and impaired selective autophagic
clearance of TDP-43 aggregates, particularly regarding persistent stress granules containing TDP-433%7],

In summary, these findings establish astrocytes as central drivers of ALS pathogenesis through non-cell-autonomous mechanisms
involving neuroinflammatory signalling, impaired autophagy, and the loss of metabolic and trophic support. Dysfunctional astrocytic
autophagy not only worsens intrinsic pathology but also accelerates motor neuron degeneration, identifying astrocytes as prime
targets for therapies aimed at restoring autophagic balance. However, to the best of our knowledge, there is currently no data
regarding the involvement of oligodendrocyte autophagy in ALS; therefore, detailed studies are required to clarify the role of
oligodendrocyte autophagy in the course of neurodegenerative diseases, including HD and ALS.

Recent ALS research highlights a significant shift in understanding: the degeneration of motor neurons is closely tied to, and
sometimes reliant on, the breakdown of autophagy in nearby support cells. Astrocytes with ALS-related mutations show a critical
dysfunction in the mTOR/ULK1 autophagic pathway, which acts as a common trigger for two types of non-cell-autonomous toxicity:
the reduction of essential metabolic support such as GLT1 downregulation, and the active release of neurotoxic cytokines such as
TGF-[1, that directly inhibit neuronal autophagy. Although the role of astrocytes is well-established, there is a significant gap in the
literature concerning the specific autophagic processes of microglia and oligodendrocytes in ALS. Filling these gaps in glial research
is crucial for developing a comprehensive understanding of how non-cell-autonomous autophagic failure contributes to motor
neuron death.

4. Conclusions and Future Perspectives

While the pivotal role of neuronal autophagy in neurodegeneration has been well-established, growing evidence highlights glial
autophagy as a central regulator of disease progression rather than a mere compensatory response. Moving forward, the field must
transition from a neurocentric view to a holistic interrogation of the glial machinery. Several critical avenues of investigation are
required to translate these biological insights into effective therapeutic strategies.
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A primary challenge lies in dissecting the cell-type-specific mechanisms by which degradative pathways modulate neuronal function
under physiological and pathological conditions. There is a significant disparity in our understanding across glial populations; while
astrocytic and microglial autophagy have been explored in AD and PD, the contributions of oligodendrocyte autophagy to
demyelination and axonal degeneration in HD and ALS remain understudied. Future research must utilize advanced tools, such as
human stem cell-derived models, single-cell transcriptomics, and in vivo imaging, to clarify how autophagic flux, cargo recognition,
and lysosomal competence differ between neuronal and glial phenotypes across disease stages.

Understanding the seemingly contradictory roles of glial autophagy, which can have both protective and harmful effects on neurons,
is critical. This dual nature indicates that the timing of intervention is vital. For example, while moderate autophagy aids in cell
survival and the removal of debris, excessive or uncontrolled activation might worsen inflammatory responses or damage myelin.
Additionally, aging complicates the situation; a lack of autophagy leads to SASP in microglia and precursor cells. Thus, it is important
to clarify the timing of autophagy impairment and to understand the interactions between neurons and glia, as well as among glial
cells, to pinpoint therapeutic opportunities that offer protection without causing unintended harm.

The conceptual framework surrounding neurodegenerative disease pathogenesis is rapidly evolving to encompass a more integrated
perspective, positioning glial autophagy as a fundamental determinant of CNS homeostasis. Far from being passive bystanders,
astrocytes, microglia, and oligodendrocytes utilize autophagic pathways to orchestrate critical functions, including protein quality
control, inflammatory regulation, myelin maintenance, and metabolic support.

The evidence synthesized in this review underscores that disruption of glial autophagy is is not just a compensatory mechanism but a
key, active factor in maintaining CNS balance. Astrocytes, microglia, and oligodendrocytes engage autophagic pathways to manage
essential roles such as protein quality control, inflammation regulation, myelin upkeep, and metabolic support across major
neurodegenerative disorders. In AD and PD, the failure of glial cells to degrade pathogenic aggregates, such as Af, tau, and o-syn,
precipitates chronic inflammation and secondary neurotoxicity. Similarly, in ALS and HD, astrocytic dysfunction impairs glutamate
clearance and cytokine regulation, while compromised oligodendrocyte autophagy in demyelinating conditions undermines axonal
integrity. Thus, glial autophagy dysfunction creates a permissive environment for disease progression through non-cell-autonomous
mechanisms.

A significant challenge is the uneven understanding of different glial populations. While the autophagic processes in astrocytes and
microglia (like LAP and LANDO) are well-documented in AD and PD, there is a significant lack of understanding regarding
oligodendrocyte autophagy in HD and ALS. Since oligodendrocyte dysfunction actively contributes to demyelination and axonal
degeneration, not exploring their specific autophagic pathways leaves a crucial gap in understanding non-cell-autonomous disease
progression. Future studies should employ advanced techniques, such as human stem cell-derived models, single-cell
transcriptomics, and in vivo imaging, to explore these uncharted areas and elucidate how autophagic flux, cargo recognition, and
lysosomal competence vary among all glial types throughout disease progression.

As the field progresses toward clinical implementation, it is crucial to recognize the constraints of existing experimental models.
Much of our knowledge about glial autophagy comes from transgenic rodent models that overproduce mutant human proteins
(such as AR, mHTT, a-syn) at levels that are not physiological. Additionally, the lengthy aging process typical of human
neurodegeneration, along with the associated “inflamm-aging”, is challenging to replicate in the short lifespan of mouse models.
Therefore, it is essential to thoroughly validate mouse findings in humanized models, like patient-derived iPSC 3D brain organoids, to
ensure they are applicable to humans.

Translating these findings also involves managing intricate therapeutic considerations. For instance, using senolytics to target
senescence offers a promising approach to remove SAM and decrease plaque accumulation; however, indiscriminately removing
these cells could risk losing their beneficial early-stage phagocytic roles or hinder tissue repair processes. Similarly, while reducing
glial neuroinflammation is a sensible objective, overly aggressive anti-inflammatory measures might unintentionally suppress the
necessary immune responses needed to attract microglia to areas of active aggregate buildup. Thus, therapeutic approaches must
shift from broad systemic inhibition to precise, context-specific immunomodulation.

Looking ahead, the broad pharmacological activation of autophagy carries the potential risk of disturbing cellular equilibrium or
causing unintended effects in healthy cells. Therefore, creating therapeutic agents that specifically target glial cells is of utmost
importance. Future treatments should focus on pathway selectivity, possibly by aiming at upstream regulators, particular lysosomal
channels like TPC2 in astrocytes, or distinct cargo receptors, that are unique to astrocytes or microglia, to distinguish between
beneficial metabolic support and detrimental inflammatory activation. By refining the precision of these modalities, it may be
possible to restore glial homeostatic functions and delay the onset of neurodegeneration.

In conclusion, the focus on glial autophagy presents a promising yet intricate therapeutic opportunity. The difficulty is not just in
boosting degradative ability but also in accurately tuning autophagic processes to balance survival-promoting roles with the
reduction of neuroinflammation. By deepening our knowledge of the spatial and temporal control of these pathways, future studies
may reveal new treatments that can restore the balance between neurons and glial cells, potentially slowing or halting the
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progression of these debilitating diseases.
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