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Abstract  
Autophagy is a multifaceted cellular process that not only maintains the homeostatic and adaptive 
responses of the brain but is also dynamically involved in the regulation of neural cell generation, 
maturation, and survival. Autophagy facilities the utilization of energy and the microenvironment 
for developing neural stem cells. Autophagy arbitrates structural and functional remodeling during 
the cell differentiation process. Autophagy also plays an indispensable role in the maintenance 
of stemness and homeostasis in neural stem cells during essential brain physiology and also in 
the instigation and progression of diseases. Only recently, studies have begun to shed light on 
autophagy regulation in glia (microglia, astrocyte, and oligodendrocyte) in the brain. Glial cells have 
attained relatively less consideration despite their unquestioned influence on various aspects of 
neural development, synaptic function, brain metabolism, cellular debris clearing, and restoration 
of damaged or injured tissues. Thus, this review composes pertinent information regarding the 
involvement of autophagy in neural stem cells and glial regulation and the role of this connexion in 
normal brain functions, neurodevelopmental disorders, and neurodegenerative diseases. This review 
will provide insight into establishing a concrete strategic approach for investigating pathological 
mechanisms and developing therapies for brain diseases.
Key Words: astrocyte; autophagy; glia; microglia; neural stem cells; neurodegenerative diseases; 
neurodevelopmental disorders; oligodendrocyte

Introduction 
Autophagy means “self-eating” in Greek, and it is a dynamic catabolic 
pathway for lysosomal-mediated degradation of intracellular components 
and organelles (Filippelli et al., 2022; Lu et al., 2022). Autophagy is an 
evolutionarily conserved cellular quality control process (from yeast to 
mammalian cells) and it is essential for embryogenesis, survival of neonates, 
and adaptation to stress conditions. Autophagy can be induced by toxic, 
metabolic, oxidative, environmental, and inflammatory stresses, which 
subsequently target the protein aggregates, damaged organelles, and 
intracellular pathogens to lysosomes for clearance. This process recycles 
the degraded products to produce building materials and energy for cellular 
reconstruction. The autophagic events occur at both basal and induced levels, 
providing a routine constitutive turnover of cellular materials and organelles, 
in order to maintain tissue homeostasis. Three types of autophagy occur in 
mammalian cells, i.e., macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA) (Chen et al., 2018; Lu et al., 2022). In all three 
types of autophagy, intracellular cargoes are delivered to lysosomes for 
degradation and recycling. Microautophagy implies the infoldings of the 
lysosomal membrane to catch a small portion of the cytosolic cargo. CMA 
employs cytosolic chaperones of heat shock cognate protein of 70 kDa to 
locate and seize the substrate. In contrast, in macroautophagy (hereafter 
autophagy), the cytoplasm cargoes and organelles are sequestered within 
double-membrane vesicles and then delivered to lysosomes for fusion and 
degradation. 

The autophagic events are tightly regulated by the sequential activation of 
well-characterized autophagy-related genes and protein complexes (Figure 1). 
During the autophagy process, a double membrane cup-shaped phagophore 
initially forms to isolate the affected cytoplasm or organelles through a 
ULK1-Fip200-Atg13 complex (Ganley et al., 2009; Hosokawa et al., 2009). 
This phagophore then expands and encapsulates more cytoplasmic cargoes. 
Eventually, the phagophore closes and forms a complete vesicle known as an 
autophagosome with the LC3-PE conjugation system and Atg12-Atg5-Atg16l1 
complex (Satoo et al., 2009; Romanov et al., 2012; Hollenstein and Kraft, 
2020). The induction of autophagy can be initiated by stimuli that suppress 
the mammalian target of rapamycin complex 1 (mTORC1) pathway or 
stimulate the AMP-activated protein kinase (AMPK) energy-sensing pathway 
(Egan et al., 2011; Kim et al., 2011; González et al., 2020), key regulators 
for cell growth and energy metabolism. Prior to the delivery of its contents 
to lysosomes, autophagosomes can fuse with endosomes or multivesicular 
bodies and form a structure known as an amphisome (Fader et al., 2008). 
For the final steps, the autophagosome outer membranes tether with the 
lysosomal membrane to form an autolysosome for degradation of the 

materials it contains. The hydrolytic enzymes in the lysosome disintegrate the 
autophagosome contents and the resultant by-products, like free fatty acids, 
glycogen, and amino acids are used for further recycling as building materials 
and energy sources (Yim and Mizushima, 2020). A detailed description of 
autophagy can be found in some excellent reviews elsewhere (Lu et al., 2022; 
Zhen and Stenmark, 2023). 

Neural stem cells (NSCs) are multipotent self-renewing cells residing in 
neurogenic niches that are responsible for producing new neurons and glia 
in embryonic and adult brains (Obernier and Alvarez-Buylla, 2019). With 
adaptive response functions for maintaining brain homeostasis, NSCs are 
actively involved in neurodevelopment, tissue repair, and brain regeneration 
(Obernier and Alvarez-Buylla, 2019; Rodríguez-Bodero and Encinas-Pérez, 
2022). NSCs are long-lived cells throughout the lifespan of an organism and 
quality control systems are critical for their health and proper functions. 
Previous studies indicate that autophagy is involved in the generation of new 
neurons (neurogenesis), maintenance, and self-renewal of NSCs (Doetsch, 
2003; Liu et al., 2021). There is an increase in the expression of the autophagy 
genes Atg7, Beclin1, Ambra1, and LC3 in the olfactory bulb during the initial 
period of neuronal differentiation in mouse embryos. It is suggested that 
autophagy promotes neurogenesis by providing energy to NSCs to facilitate 
cytoskeleton remodeling during differentiation (Vázquez et al., 2012; 
Ordureau et al., 2021). Furthermore, autophagy in NSCs not only supports 
the sustainability of building materials but also preserves homeostasis by 
preventing the growth of pathological and toxic protein aggregates and 
delivering damaged or unnecessary cellular components to lysosomes for 
degradation. By maintaining a balance between synthesis and degradation 
in the maintenance, differentiation, and growth of NSCs, autophagy retains 
healthy brain development and functions. Defects of autophagy may also 
result in NSCs instability and aberrant differentiation. These processes may 
underlie neurodevelopmental disorders such as autism spectrum disorder 
(ASD) (Poultney et al., 2013), childhood ataxia (Kim et al., 2016), primary 
microcephaly (Kadir et al., 2016), and genetic leukoencephalopathies (Deng 
et al., 2021). It is also possible that the multi-faceted roles of autophagy 
may affect NSCs maintenance and differentiation in ischemic stroke (Xu et 
al., 2022). Prolonged autophagy or upregulation of autophagy can result in 
autophagic cell death (Klionsky et al., 2016; Jung et al., 2020a). A recent study 
has shown that under chronic stress, NSCs undergo autophagic cell death 
(Jung et al., 2020b). An NSC-specific Atg7 conditional knockout attenuated 
the decay of adult hippocampal neurogenesis and mitigated cognitive deficits 
by reducing the autophagy flux in stressed animals (Jung et al., 2020b). This 
review will discuss the multi-faceted roles of autophagy in postnatal NSCs for 
the progression of neurodevelopmental disorders and ischemic brain injuries. 
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Glia, including astrocytes, microglia, oligodendrocytes, and ependymal 
cells, are the majority of the cell population in the brain (Sun et al., 2022). 
In embryonic development, NSCs are initially multipotent but are gradually 
restricted to neuronal or glial destinations. Neural differentiation ensues in 
a stereotypical process whereby neurons are generated first, followed by 
glia (mainly astroglia and oligodendrocytes), which differentiate from glial 
progenitors after completion (mostly) of neurogenesis. Microglia are myeloid 
cells of embryonic hematopoietic origin that migrate to the brain during 
the early stages of brain development. Glial function to support neurons 
during development and throughout their lifetime. They are key players 
in maintaining brain functions and homeostasis through their plethora of 
physiological functions ranging from neurotransmission support, energy 
supply, blood flow regulation, immune surveillance, and more (Henn et al., 
2022). Glia participate in the pathophysiology of various neurodegenerative 
diseases, where they respond as a double-edged sword, depending on 
the severity of injuries and the nature of the diseases (Henn et al., 2022). 
Glia may accelerate brain repair through phagocytosis, metabolic support, 
and secretion of growth factors, but they can also devastate by generating 
uncontrollable neuroinflammatory responses (Vainchtein and Molofsky, 2020; 
Henn et al., 2022). Considering the involvement of autophagy in both adaptive 
and innate immunity (Levine and Deretic, 2007; Metur and Klionsky, 2021), it 
is not surprising to find the critical functions of autophagy in glia functioning 
to regulate inflammatory signaling, pathogen elimination, maintenance of 
immune modulators, and modification of antigen presentation in various 
neurodegenerative diseases. Nevertheless, the current research has just 
begun to unveil the involvement of autophagy in the regulation of glia and 
their allied effect on neurodegenerative diseases.

Contemplating the similar origin of glia with NSC and the involvement 
of autophagy, extensive studies are needed to better understand the 
connexion between these essential brain processes. The information will 

aid in determining mechanisms and targets to treat developing, adult, 
and aging brains. This present review compiles current information on 
autophagy in the regulation of NSC and glial functions and its implication for 
neurodevelopmental disorders and neurodegenerative diseases.

Autophagy in Neural Stem Cells 
Roles of autophagy in NSC regulation
NSCs give rise to a wide range of new neurons and glia in the embryonic 
nervous system. In the adult brain, continuous postnatal NSCs are primarily 
confined to two regions: the subventricular zone (SVZ) of the lateral ventricle 
and the subgranular zone (SGZ) of the hippocampus (Yazdankhah et al., 
2014; Obernier and Alvarez-Buylla, 2019; Llorente et al., 2022). NSCs can 
generate a huge number of neurons and glia in embryonic and postnatal brain 
development. Postnatal NSCs in SGZ and SVZ have a lifelong neurogenesis 
capability, which has a great impact on learning, memory, behavior, and 
restoring the cell after damage (Mirzadeh et al., 2008; Llorente et al., 2022). 
Autophagy enforces a protective effect in the production and differentiation 
of NSCs by the removal of damaged organelles and proteins. Consequently, 
autophagy takes part in brain growth, development, and pruning of unused 
synapses from newborn neurons, and controls the subsistence or mortality of 
the NSCs under unfavorable conditions.

Proliferation and differentiation of NSCs are essential elements for their self-
renewal and damage repair processes. Our work to produce a conditional 
knockout (cKO) of an essential autophagy gene Fip200 (also known as 
RB1 inducible coiled-coil 1, Rb1cc1) in mice for the first time revealed the 
essential function of autophagy proteins in postnatal NSC maintenance and 
differentiation (Wang et al., 2013). Deletion of Fip200 in young adult mice 
(1-month-old) leads to a reduction in the adult NSCs pool and switches 
neurogenesis to glial differentiation into astrocytes. These protective effects 
of Fip200 are through the suppression of ROS-mediated (reactive oxygen 
species) p53 activation in postnatal NSCs. In follow-up studies to knock 
out other autophagy genes (Atg5, Atg7 and Atg16l1), our work reveals the 
essential roles of autophagy receptor p62/SQSTM1 aggregations in NSCs for 
the generation of ROS by sequestering SOD1 in nuclei (Wang et al., 2016). 
We observed fewer p62/SQSTM1 aggregations in Atg5 cKO and Atg16l1 cKO 
NSCs and do not find NSCs defects, which suggest autophagy gene-specific 
mechanisms for postnatal NSCs development. Similarly, autophagy inhibition 
through Beclin-1 deletion or class III PI3K inhibitor 3-methyladenine results in 
a substantial repression of NSCs maintenance and differentiation (Yazdankhah 
et al., 2014). Activating molecule in beclin1-regulated autophagy 1 (Ambra1) 
cKO in mouse embryos causes neural tube defects related to distorted cell 
proliferation, accretion of ubiquitinated proteins, and excessive cell death 
(Fimia et al., 2007). Similarly, a supportive role of autophagic genes such as 
Becn1, Atg7, LC3, and Ambra1 is observed in the neurogenesis of mouse 
embryo olfactory bulb (Vázquez et al., 2012). Besides these studies of core 
autophagy genes, another autophagy-related gene Eva1a (also known as 
transmembrane protein 166, TMEM166) has been suggested in controlling 
the differentiation and self-renewal of NSCs through activation of PI3K-
AKT axis and mTOR in the embryonic brain (Li et al., 2016). Moreover, the 
inactivation of Forkhead box O (FoxO) transcription factors (FoxO1, FoxO3, 
and FoxO4) leads to defective differentiation and self-renewal of NSCs (Paik 
et al., 2009). Recent evidence also confirms a critical role of FoxOs in brain 
development via the regulation of autophagy in NSCs (Schäffner et al., 2018). 
Interestingly, a recent study of NSC aging reveals that enhancing autophagy 
function in a Beclin-1 knockin mutation mouse (Fernández et al., 2018) 
reduces the decline rate of NSC loss and restores neurogenesis in SVZ of aged 
knockin animals (Wang et al., 2022). Based on the aforementioned evidence 
for the physiological functions of autophagy in NSCs with involvement 
in proliferation, differentiation, and self-renewal potential of NSCs, it is 
necessary to warrant more research to reveal autophagy targets and their 
precise mechanisms in NSC regulation at different development/aging stages. 
Such information would provide better targets and/or therapeutic strategies 
for the treatment of neurodevelopment disorders.

Autophagy in NSCs of brain disorders
Multipotent embryonic NSCs differentiate into neurons, astrocytes, and 
oligodendrocytes to form the central nervous system (CNS) in mammals. 
In the CNS, NSCs start differentiation and migrate within two specific brain 
regions of the telencephalon, i.e., the SVZ/rostral migratory stream/olfactory 
bulb path and the SGZ/GZ path, both of which are vital for the physiological 
processes of food chasing, mating, learning, memory formation, and so on. 
Thus, both embryonic and postnatal NSCs play essential roles in the formation 
of neural circuits, maintenance of neuroplasticity, brain repair, aging, and 
cognition. Therefore, it is not surprising that dysfunctional autophagy in NSCs 
is involved in the initiation and progression of various neurological disorders, 
ranging from neurodevelopmental disorders in young individuals to brain 
injury of ischemic stroke in adults or aged ones. 

Autophagy in NSCs of neurodevelopmental disorders
Neurodevelopmental disorders are characterized as multifaceted groups 
of mental abnormalities with subsequent cognitive deficits and behavioral 
impairment. Throughout postnatal brain development, autophagy critically 
maintains neural plasticity and homeostasis by removing toxic aggregates, 
proteins, and damaged organelles. The absence of autophagy in NSCs and 
maturing neurons leads to axon dystrophy, aberrant synaptic transmission, 
deposition of ubiquitinated proteins, and degeneration that further leads 
to neurodevelopmental disorders (Levine and Kroemer, 2019). A pivotal link 
of autophagy alteration to neurodevelopmental disorders is highlighted by 

Figure 1 ｜ Signaling pathways and molecular mechanisms involved in autophagy. 
Autophagy is a highly synchronized and complex self-degradative process that entails the 
cascades of various molecular complexes comprising autophagy-related genes and protein 
complexes. Autophagy can be triggered by AMPK stimulation leading to energy depletion 
and/or mTOR inhibition caused by nutrient starvation. Activation of autophagy initiates 
the formation of ULK complex, consists of ULK1/2, Atg13, Atg101a, and Fip200. Initiation 
of ULK complex instigates the PtdIn3K complexes, involving Atg14L, Beclin-1, VPS34, and 
VPS15. Atg14L complex functions in the nucleation and expansion of the phagophore 
via PtdIns (3) P generation. UVRAG complex contributes to the endo/lysosome system. 
Autophagosome maturation is regulated by the activation of the Atg5-Atg12 coupling 
system and lipidation of LC3. During Atg5-Atg12 coupling via Atg7 and Atg10, Atg12 is 
conjugated with Atg5 and later Atg16L to form the Atg5-Atg12-Atg6L complex. In LC3 
lipidation, Atg4 cleaves LC3 at the C terminus and generates LC3-I. Then, via Atg7 and 
Atg3, LC3-I is coupled to PE. In the expansion phase, with WIPI2, Atg5-Atg12-Atg6L 
complex localizes on the surface of a phagophore, and further prompts LC3 lipidation 
and Atg3 stimulation. For degradation, non-selectively/selectively damaged/diseased 
protein (Aβ, tau etc.) aggregates (aggrephagy), pathogens (xenopahgy), and specific 
cellular components marked with adaptor protein like p62/SQSTM1 (sequestosome 1) 
and lipid droplets (lipophagy), are confined within the double membrane phagophore. 
Then, the autophagosome completes phagophore membrane expansion and closure 
through LC3 support. Later, lysosomes with protein Rab7 fuse with the fully formed 
autophagosome to degrade the intra-lysosomal components. Successively, autophagy 
targets get degraded and their building blocks, such as free fatty acids and amino acids, 
are recovered back into the cytosol. Created with Microsoft PowerPoint. AMPK: AMP-
activated protein kinase; Fip200: focal adhesion kinase family interacting protein of 
200 kDa; HOPS: homotypic fusion and protein sorting; LAMP2: lysosomal associated 
membrane protein 2; LC3: microtubule-associated protein 1A/1B-light chain 3; mTOR: 
mammalian target of rapamycin; PE: phosphatidylethanolamine; PLEKHM1: pleckstrin 
homology domain-containing family M member 1; Rab7: Ras-related protein 7; ULK: Unc-
51 like kinase; UVRAG: UV radiation resistance-associated gene protein; VPS15: vacuolar 
protein sorting 15; VPS34: vacuolar protein sorting 34; WIPI2: WD repeat domain, 
phosphoinositide interacting 2. 
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a recent human study that shows that recessive variants of Atg7 lead to 
complicated neurodevelopmental disorders with malformations of the corpus 
callosum and cerebellum (Collier et al., 2021). In NSCs, it is postulated that 
altered autophagy, impaired autosomal-lysosomal processes, and altered 
proteasome functions make NSCs more susceptible to toxic metabolite 
accumulation. Thus, restoring normal autophagy function is a potential 
therapeutic approach. We have summarized the involvement of autophagy in 
various neurodevelopmental disorders in Table 1.

ASD 
ASD is one of the most prevalent multi-factorial neurodevelopmental 
disorders caused by the combination of genetic and environmental factors. 
ASD is characterized by repetitive and restricted behavior, altered social 
interactions with verbal and non-verbal communication (Sandin et al., 2017; 
Deng et al., 2021). Concomitantly, ASD patients also show other comorbidities 
with intellectual disability, sensory processing defects, and motor deficits 
(Lazaro et al., 2015; Balasco et al., 2020; Al-Beltagi, 2021). Pathway and 
enrichment analyses of autophagic genes of MAP1LC3B, MAP1LC3A, 
GABARAPL2, GABARAP, and GABARAPL1 (mammalian orthologs to yeast 
Atg8) altered by deletion in ASD cases in both human and animal studies 
were found (Poultney et al., 2013; Hui et al., 2019). Other ASD-related genes, 
such as TSC1, TSC2, mTOR, and PTEN, are all closely related to the regulation 
of autophagy in NSC development and differentiation (Wang et al., 2019a; 
Deng et al., 2021). Autophagy has been implicated in synaptic function 
during the maturation of neurons in ASD patients. Tang et al. (2014) indicate 
that autophagy is impaired in ASD, while the pruning of excess synapses 
through neuronal autophagy is altered in developing ASD neurons. These 
studies indicate that autophagy dysfunction in NSCs development might be a 
central mechanism for the pathogenesis of ASD. Under certain physiological 
and pathological states, cargo-specific removal of organelles by selective 
autophagy is crucial to sustain the viability and stability of the brain milieu. 
One-way neutral lipid storage in lipid droplets is mobilized by autophagy to 
release free fatty acids. This process is known as lipophagy (a form of selective 
autophagy) (Singh et al., 2009) and it is regulated by protein receptors on 
the surface of the lipid droplets (Singh and Cuervo, 2012). After lipid droplets 
sequestration in a double-walled membrane vesicle, they are transported 
to lysosomes and degraded by liposomal acidic lipase (Figure 1). In the 
brain, NSCs express genes for fatty acid synthesis and fatty acid oxidation to 
generate adenosine triphosphate, and it was observed that inactivation of 
lipid biogenesis could cause alteration in the NSC activity that could lead to 
dysfunctional maintenance and differentiation. Additionally, a study on TSC-
deficient animal models has shown that lipophagy inhibition through genetic 
knockout of Fip200 and pharmacological inhibitors could help restore NSC 

functions and impede the progression of benign brain tumors (Wang et al., 
2019a). In the future, interventions of selective autophagy instead of bulk 
autophagy might be more effective and specific for the treatment of some 
ASD patients.

Childhood ataxia
Childhood ataxia is a rare disease affecting any level of the nervous system 
and comprised of diminished coordination of balance and movement as well 
as cognitive disability and behavioral developmental delay in children (Kim 
et al., 2016; Pavone et al., 2017). A homozygous missense mutation of Atg5 
(E122D) that diminishes autophagic activity causes congenital ataxia (Kim et 
al., 2016; Kawabata and Yoshimori, 2020). 

Primary microcephaly
Primary microcephaly is a heterogeneous congenital neurodevelopmental 
disorder as a result of diminished production of neurons during brain 
development, leading to reduced head circumference and brain volume 
(Jean et al., 2020). The pathogenic mutations in the human WDFY3 gene that 
encodes an autophagy scaffold protein are identified in primary microcephaly 
(Kadir et al., 2016; Le Duc et al., 2019). Ablation of WDFY3 in the brain also 
reduces developmental axonal connectivity and impairs the formation of the 
major forebrain commissures in a mouse model (Dragich et al., 2016).

Genetic leukoencephalopathies
Genetic leukoencephalopathies are a set of rare genetic heterogeneous 
disorders that lead to progressive degeneration of white matter in the CNS. 
The predominant symptoms in these disorders are motor impairment, ataxia, 
and altered cognitive development (Sarret, 2020). Mutations in VPS11, 
a core component of class C vacuole/endosome tethering proteins, are 
observed in autosomal recessive leukoencephalopathy patients (Lee et al., 
2013; Vanderver, 2016). VPS11 is involved in the lysosome-degradation and 
membrane trafficking during autophagy in human cells (Byrne et al., 2016). 
The SNF8 mutation (C846G) triggers abnormal ubiquitination and accelerated 
turnover of VPS11 protein, suggesting the regulation of the autophagy 
degradation pathway in developing leukoencephalopathies (Zatyka et al., 
2020). 

Autophagy in NSCs of ischemic stroke
Ischemic stroke is considered to be the leading cause of disability and 
preventable mortality worldwide. During ischemic stroke, reduced blood 
flow to the brain leads to cerebral vascular occlusion and stimulates a severe 
inflammatory rush comprised of toxic mediators, harmful oxidative radicals, 
and inflammatory macrophage infiltration that further exacerbates brain 

Table 1 ｜ Autophagy-related gene mutations causing neuro-disorders in development 

Gene symbol Functions in autophagy Related disease(s) Clinical features

ATG5 A core autophagy gene involved in autophagosome 
elongation, maturation, and closure; via 
conjugation with ATG12, acts as an E3-like enzyme 
required for lipidation of ATG8 family proteins and 
their association to the vesicle membranes. 

Autosomal recessive spinocerebellar 
ataxia 25 (SCAR25)

Delayed psychomotor development, truncal ataxia, dysmetria, 
nystagmus, low IQ, cerebellar hypoplasia

WDR45 (WIPI4) Autophagosome-lysosome fusion, autophagosome 
formation and elongation.

Beta-propeller protein-associated 
neurodegeneration (BPAN)

Cognitive decline, dementia, dystonia, parkinsonism, optic 
nerve atrophy, global developmental delay, intellectual disability, 
psychomotor retardation, febrile seizures, autistic features

WDR45b (WIPI3) Autophagosome-lysosome fusion, autophagosome 
formation and elongation.

Neurodevelopmental disorder 
with spastic quadriplegia and brain 
abnormalities with or without seizures 
(NEDSBAS)

Absent speech, spastic paraplegia, intellectual disability, profound 
inability to walk, cerebral hypoplasia, thin corpus callosum, 
enlarged ventricles, delayed psychomotor development, profound 
reduced white matter volume, refractory seizure (in most patients), 
absent communication, thinning of the cortex

EPG5 Autophagosome-lysosome fusion. Vici Syndrome Cataracts, hypopigmentation, muscle and neurogenic anomalies, 
immunodeficiency, corpus callosum agenesis, epilepsy, 
cardiomyopathy, microcephaly, loss of learned skills

TECPR2 Autophagosome-lysosome fusion, 
Autophagosome formation. 

Spastic paraplegia type 49 Spasticity, pyramidal weakness, dysplastic corpus callosum 

SPG15 (KIAA1840) Autophagosome maturation, lysosome biogenesis Hereditary spastic paraplegia, autosomal 
recessive axonal neuropathy, Charcot–
Marie–Tooth disease

Spasticity, pyramidal weakness, corpus callosum affection, ataxia 
(less common)

SNX14 Autophagosome-lysosome fusion Autosomal recessive spinocerebellar 
ataxia 20 (SCAR20), aceruloplasminemia

Purkinje cell loss, mental retardation, seizures, ataxia, cerebellum 
atrophy, hearing loss, relative macrocephaly

TBCK mTOR activator, regulator of small GTPases of the 
Rab-family.

TBCK encephaloneuropathy Leukoencephalopathy, coarse face, intellectual disability, seizures, 
hypotonia, neuronopathy 

PTEN antagonizes the phosphatidylinositol 3-kinase class 
I/AKT/mTOR pathway

Lhermitte-Duclos disease Autism, macrocephaly, ataxia, seizures, gangliocytomas in the 
cerebellum

NF1 mTOR inhibition Neurofibromatosis Autism, epilepsy (10%), café-au-lait spots, malignant and benign 
tumors

Fmr1 mTOR inhibition Fragile X syndrome Intellectual disability, autism, seizures, hypersensitivity, attention 
deficit, hyperactivity, growth, and craniofacial abnormalities

TSC1/2 complex mTOR inhibition Tuberous sclerosis complex Non-malignant tumors, epilepsy, autism, TAND

AKT: Ak strain transforming; ATG5: autophagy-related gene 5; ATG8: autophagy-related gene 8; ATG12: autophagy-related gene 12; EPG5: ectopic P-granules 5 autophagy tethering 
factor; Fmr1: fragile X messenger ribonucleoprotein 1; GTPases: guanosine triphosphatases; IQ: intelligent quotient; LC3II: microtubule-associated protein light chain 3II; mTOR: 
mammalian target of rapamycin; NF1: neurofibromatosis 1; PTEN: phosphatase and tensin homolog; SCAR25: spinocerebellar ataxia, autosomal recessive 25; SNX14: sorting nexin 14; 
SPG15: spastic paraplegia 15; TAND: tuberous sclerosis associated neuropsychiatric disorders; TBCK: homozygous TBC1 domain-containing kinase; TECPR2: tectonin beta-propeller 
repeat containing 2; TSC1/2: tuberous sclerosis complex1/2; WDR45 (WIPI-4): WD-repeat β-propeller protein 45; WDR45b (WIPI3): WD-repeat β-propeller protein 45b.
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tissue damage and cellular death. Inflammation works as a double-edged 
sword during ischemic injury as it also protects the brain by tissue remodeling 
and repair (Sakai and Shichita, 2019). Studies have shown that stimulation 
of the autophagy gene Beclin-1 reduces the cortical inflammation initiated 
by ischemic brain injury in rats (Zhou et al., 2011). Diminished regenerative 
ability is also a contributor to ischemic stroke pathogenesis. NSCs have 
been deemed as an effective regenerative and neuroprotective therapy 
against ischemic stroke. In the mammalian brain, ischemic stroke initiates 
the genesis of cells in the SVZ and SGZ via NSCs and these newly generated 
cells migrate toward the ischemic lesion boundary and support the recovery 
of damaged brain tissue (Zhao et al., 2018). Alterations of autophagy in 
NSC might hamper the recovery of the ischemic brain. Autophagy not only 
regulates NSCs healthy homeostasis but also ensures NSC programmed death 
if stimulated by prolonged trauma (Jung et al., 2020). Studies have shown 
that pharmacologically activated autophagy in the ischemic brain reduces 
the capability of NSCs and delays recovery (Wang et al., 2019b; Jung et al., 
2020). Stimulation of autophagy in NSCs helps by inhibiting the ischemic 
brain damage to some extent, though excessive autophagy can aggravate the 
damage and lead to cell death. The dual aspect of autophagy in NSC during 
ischemia is still under investigation.

Therapeutic implication of autophagy modulation in neurodevelopmental 
disorders
Autophagy has a wide range of impacts on various physiological and 
pathological conditions. Thus, modulation of autophagy genes and related 
pathways may be considered as potential therapeutic targets for the 
treatment of neurodevelopment diseases. During spinocerebellar ataxia, 
modulation in autophagy supports the removal of abnormal ataxin-3 protein 
(Menzies et al., 2010). Similarly, trehalose, an mTOR-independent autophagy 
inducer and its analogs melibiose and lactulose, was used to regulate the 
ataxin-3 protein following spinocerebellar ataxia (Lin et al., 2016; Watchson 
et al., 2023). Considering the autophagic function of clearing the excessive 
intracellular protein accumulation, pharmacological modulation of the 
autophagic-lysosomal pathway by blocking mTORC1 was observed as a 
critical neuroprotective strategy for proteinopathies (Thellung et al., 2018). 
Apparently, pharmacological therapy using rapamycin has been moderately 
successful in restoring behavioral and cognitive symptoms in various 
neurodevelopment disorders, like ASD (Wang et al., 2023) and tuberous 
sclerosis complex (Ehninger et al., 2008; Sato et al., 2012). Nevertheless, 
to the best of our knowledge, direct evidence of the prospective effect 
of autophagy modulation for the maintenance and regulation of NSC for 
neurodevelopment disease is still scanty. The neurodevelopment studies 
conducted on animal and cell line models have predicted the involvement of 
autophagy in the survival of NSC, neurons, and glia. Hence, it is reasonable 
and enticing to speculate that modulation of autophagy genes and activation 
of autophagy pathways in postnatal NSCs would develop promising 
therapeutic strategies against neurodevelopmental diseases.

Autophagy in Glia 
The contribution of autophagy to glia regulation is still unexplored, although 
glia encompasses 50% or more of the brain cell population. Glia are crucial 
regulators of neuronal homeostasis and brain functions. They directly impact 
brain development, synaptic function, metabolism, and restoration after 
damage or injury. Some recent studies propose that autophagy plays an 
essential role in gliogenesis (Belgrad et al., 2020; Deng et al., 2021). Existing 
studies on neurodegeneration, nerve injuries, and aging assessing the 
involvement of autophagy are largely focused on neurons. It is plausible that 
any alteration in glia generation and/or differentiation might lead to structural 
and functional brain abnormality. Scant evidence shows the contribution of 
autophagy to the regulation of glial function under normal and pathological 
conditions (Jin et al., 2018; Chandrasekaran et al., 2021). In glia, consideration 
of the therapeutics of autophagy modulation is quite limited due to partial 
information about the autophagy genes and/or pathways involved in the 
development and neurodegenerative diseases. Moreover, understanding 
is lacking about the specificity of pharmacological inhibitors/enhancers for 
autophagy functions in glia. In this section, we will review the functions and 
regulation by autophagy of major glial cell types in the brain (Figure 2).

Autophagic glia in healthy brain
Microglia
Microglia, the brain resident macrophages, attain phagocytic attributes to 
remove damaged/dead cells or synapse debris, orchestrate brain surveillance, 
respond to CNS damage, and release various inflammatory mediators (Borst 
et al., 2021; Butler et al., 2021). Autophagy in myeloid lineage regulates both 
adaptive and innate immune responses (Jiang et al., 2019; Pradel et al., 2020), 
phagocytosis (Wu and Lu, 2020; Li et al., 2021), and affects the consequences 
of inflammatory responses (Cho et al., 2020; Minchev et al., 2022) and 
antigen presentation (Germic et al., 2019; Münz, 2021). Nevertheless, few 
studies have assessed the involvement of autophagy in microglia regulation 
and the influence of autophagy dysregulation on the physiological functions 
of microglia. Atg7 deletion in microglia impairs synaptic connectivity, alters 
synaptosome degradation, and increases dendritic spines and synaptic 
markers (Kim et al., 2017). Microglia-specific ablation of Atg7, but not 
Ulk1, leads to the accretion of phagocytosed myelin and promotes the 
pathogenesis of multiple sclerosis-like disease (Berglund et al., 2020). A study 
has shown that Atg7 deletion in microglia impairs the homeostasis of mature 
oligodendrocytes and enhances susceptibility to acute and lethal generalized 
seizures (Alam et al., 2021). In vitro, BV2 cells increase neurotoxicity after Atg5 

deletion but reduce it after treatment with mTORC1 inhibitor rapamycin or 
AKT inhibitor perifosine in TNF-α stimulated conditions (Jin et al., 2018). These 
data suggest Atg5 regulates microglia polarization during neuroinflammation 
(Jin et al., 2018). Collectively, microglia autophagy includes the transportation 
of aggregated proteins, injured organelles, and other cellular metabolite 
accumulation into lysosomes. Thus, regular autophagy in microglia not only 
provides plausible essential support to the homeostasis of microglia, but also 
enhances microglia defence mechanism during stress and disease conditions.

Astrocytes 
Astrocytes are a major glial population in the CNS. They are involved in the 
establishment of neuronal synaptic networks, generation of neurotrophic 
factors, regulation of neurogenesis, recycling of neurotransmitters, supply 
for nutrition, and detoxification to maintain brain homeostasis (Haim et al., 
2015; Sofroniew, 2020). Astrocytes also take part in brain immune regulation 
by releasing inflammatory molecules during neurodegenerative disease 
(Sofroniew and Vinters, 2010). Information regarding autophagic mechanisms 
that regulate astroglia functions is still scanty, although recent studies reveal 
autophagy’s critical roles in synchronizing astroglia functions. It has been 
shown that autophagy can decrease protein accumulation and enhance cell 
viability in in vitro cultured astrocytes (Jänen et al., 2010). In Alexander’s 
disease, autophagy degrades the mutant glial fibrillary acidic protein in 
astrocytes to prevent its accumulation (Tang et al., 2008). In late embryonic 
cortex development, autophagy is engaged in astrocyte differentiation. Atg5 
deletion in mice diminishes the differentiation of NSCs into astrocytes via 
inhibiting the SOCS2-JAK-STAT (suppressors of cytokine signaling 2-janus 
kinase-signal transducer and activator of transcription) signaling pathway, 
while overexpression of Atg5 causes excessive astrocyte differentiation (Wang 
et al., 2014). This autophagy regulation is studied in the adult hippocampus 
since inhibition of autophagy leads to reduced astrocyte differentiation (Ha et 
al., 2019). Neuroinflammation leads to the fragmentation of mitochondria in 
astrocytes, which are engulfed by autophagosomes to support the restoration 
of tubular mitochondria. The absence of autophagy enhances ROS production 
from the fragmented mitochondria and reduces cell viability (Motori et al., 
2013). Overall, astrocyte autophagy is less studied compared to autophagy 
in neurons and microglia. Regarding the evidence so far, astrocyte autophagy 
has the potential to influence the pathology of neurodegenerative diseases.

Oligodendrocytes
Oligodendrocytes endure vigorous structural and functional changes, 
comprising massive protein generation, lipid production, and membrane 
compaction. These processes require autophagy in development, 
neurodegenerative disease, and injury. Atg5 is essential for oligodendrocyte 
development through enhanced autophagic flux, increased autophagosome 
puncta,  and elevated levels  of  LC3-I I  in  the dista l  processes of 
oligodendrocytes during differentiation (Bankston et al., 2019). Additionally, 
Atg5 reaches the optimum cytoplasm level and maintains myelin compaction 
in oligodendrocytes (Bankston et al., 2019). Autophagy-deficient animals 
show enhanced populations of mature oligodendrocytes and increased levels 
of myelin protein which result in severe seizures (Alam et al., 2021). A recent 

Figure 2 ｜ Autophagy connexion with brain cells in health and diseases. 
Autophagy plays a crucial role in the development and maintenance of the brain and 
its functions. By promoting neural stem cell differentiation and self-renewal, autophagy 
takes part in structural and metabolic reprogramming and quality control functions 
during brain development. Autophagy not only ensures healthy brain development 
and processing but also protects the brain from various neurodevelopmental and 
neurodegenerative disorders in later life. Similarly, autophagic regulation of glia (microglia, 
astroglia, and oligodendroglia) function and structure helps in maintaining the central 
nervous system milieu. During neurodegenerative disease, autophagy aids the glia in 
clearing the damaged and diseased cellular components and regulating inflammation 
mediators. The aberrant autophagic regulation of glial functions can stimulate or amplify 
the development of various neurological disorders. Created with Microsoft PowerPoint. 
Aβ: Amyloid-beta; ASD: autism spectrum disorder. 
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study shows that genetic ablation of macroautophagy in oligodendrocytes 
caused an age-dependent surge in myelin thickness and abnormal myelin 
structures, accompanied by neurodegeneration, behavioral abnormalities, 
and premature lethality (Aber et al., 2022).

Summary
The information regarding autophagy involvement in gliogenesis and 
differentiation is still scanty. Previous studies have provided clues to 
understand autophagy in the regulation of glial development and function. 
However, to explore this, a glia-specific (e.g., microglia, astrocytes, and 
oligodendrocytes) deficiency of autophagy genes might be required to 
clarify how glia autophagy influences brain development and function under 
both health and disease conditions. Moreover, a better understanding 
of the mechanisms by which the autophagy influences gliogenesis and 
differentiation may require novel ways to modulate the endogenous glial 
progenitor cells within the brain for regenerative therapies. 

Autophagy in glia of aging and diseased brain
Roles of glial autophagy in aged brain
Aging is a complicated biological event that can partially be explained by 
the accretion of molecular and cellular damages to brain cells over time. 
The inability to repair such damages in the brain may lead to subsequent 
failure of basic physiological functions, such as cognition, motor functions, 
and sensory functions that decrease the quality of life. During aging both 
microglia and astrocytes undergo molecular and morphological changes. A 
low-grade microglia-driven chronic inflammation, called “inflamm-aging” 
was reported in the aging brain. The stimuli that instigate and retain such 
inflammation during aging occur due to the accumulation of undigested 
cell waste from damaged organelles and cytoplasm (Franceschi et al., 2017) 
indicating an impaired lysosomal clearance process, like autophagy and/
or phagocytosis. Deficiency of Atg7 is correlated to the appearance of 
age-associated inflammatory responses in peripheral macrophages. Atg7 
deficiency showed an elevated level of inflammatory cytokines and severe 
inflammasome reaction (Stranks et al., 2015). Notably, autophagy controls the 
activation of inflammasomes (Takahama et al., 2018). Further studies have 
shown that alterations in selective autophagic pathways, like, mitophagy and 
pexophagy, are implicated in age-associated brain disorders. Diot et al. (2016) 
suggest that a decrease in mitophagy might be a crucial factor of human 
aging. Considering the involvement of autophagy in removing oxidative stress-
led damages to organelles and macromolecules in the aging brain, it is a vital 
regulatory mechanism in maintaining homeostasis (Vellai et al., 2009). These 
studies suggest an emerging view of the involvement of glial autophagy in the 
aging brain. There are numerous studies available for the autophagic events 
in the aging brain, though few discuss autophagy in glia. Further studies are 
required to show the significance of glial autophagy during aging. Moreover, 
the lifestyle, dietary adjustments, and pharmacological interventions 
to improve autophagy could aid in reducing or suppressing the risk of 
progressing age-associated neurodegenerative disorders.

Roles of glial autophagy in neurodegenerative diseases
Aging is the most relevant negative factor for neurodegenerative disease. 
In this section, we will review the functions and regulation of autophagy in 
major glial cell types with different neurodegenerative diseases. We focus 
on the role of autophagy in microglia and astrocytes for their involvement in 
Alzheimer’s disease (AD) and Parkinson’s disease (PD; Figure 3).

AD microglia negatively controls inflammasome activation and the generation 
of inflammatory cytokines. A study has shown that microglia-specific deletion 
of Atg7 shifts microglia towards a proinflammatory phenotype and enhances 
the production of pro-inflammatory cytokines (Xu et al., 2021). Houtman et al. 
(2019) showed an association of LC3-positive vesicles with NLRP3 aggregates 
in Becn1+/– microglia, indicating that autophagy modulates IL-1β and IL-18 
production via NLRP3 activation in microglia. 

Evidence suggests that autophagy in microglia regulates AD pathogenesis 
(Xu et al., 2021; Ou-Yang et al., 2023). Microglia mediates phagocytosis 
of a range of cellular debris, axonal fragments, Aβ and Tau deposits, and 
dying cells in AD (Gabandé-Rodríguez et al., 2020). Inference of microglial 
autophagy in synaptic function in young AD mouse hippocampus showed 
an anomalous accretion of autophagic vesicles associated with synaptic and 
axonal pathology (Sanchez-Varo et al., 2012). Studies have shown shared 
molecular pathways between phagocytosis and autophagy to establish 
a close crosstalk in microglia (Fu et al., 2014; Jülg et al., 2021). Microglia 
phagocytosis is coordinated by autophagy facilitators in several ways, such as 
LC3-associated phagocytosis (LAP) and LC3-associated endocytosis (LANDO) 
(Lee et al., 2019; Heckmann et al., 2019). During LAP, Atg5 and Atg7 mediate 
the LC3 recruitment to the single-membrane phagosomes (Martinez et 
al., 2011). Subsequently, LC3 and Beclin1 translocate to the phagosome 
membrane, enabling the fusion of lysosome with phagosome (Sanjuan et al., 
2007). Such associations improve the efficiency of microglia phagocytosis 
in removing extracellular pathogens and debris (Plaza-Zabala et al., 2017). 
LANDO is a distinct but LAP-like process that helps in the clearance of Aβ 
and relieves neurodegeneration in murine models of AD (Heckmann et al., 
2019). This study shows that the LANDO genes of Rubicon, Beclin1, Atg5, 
and Atg7 are crucial in recycling the Aβ receptors in microglia, e.g., triggering 
receptors expressed on myeloid cells 2 in the AD brain. Autophagy is also 
critical for the degradation of endocytosed aggregates in AD. In microglia-
specific Atg7 knockout mice and Atg7 siRNA transfected microglia in vitro, 
impaired degradation of Aβ indicates the role of autophagy (Cho et al., 2014). 
Autophagy in microglia is also involved in Tau propagation as Atg7 deletion 
in microglia increases the intraneuronal Tau pathology (Xu et al., 2021). 
Furthermore, autophagy upstream regulatory mechanisms, such as energy 
homeostasis sensor AMPK, activate microglial autophagy in response to Aβ 
depositions and consequently lead to their lysosomal degradation (Cho et al., 
2014). Injection of interferon-γ restores the autophagy activity in microglia 
by inhibiting the Akt/mTOR pathway in AD mice and promotes the Aβ 
clearance to rescue cognitive deficits (He et al., 2020). These studies show the 
protective functions of autophagy in microglia to slow AD progression through 
different mechanisms.

PD: PD is described by the progressive loss of dopaminergic neurons in the 
substantia nigra, accompanied by the accretion of alpha-synuclein (SNCA) 
in the form of Lewy bodies and Lewy neurites. Genome-wide association 
studies have identified the monogenetic causes of PD, including mutations 
in SNCA,  leucine-rich repeat kinase 2 (LRRK2), Parkin RBR E3 ubiquitin 
protein ligase (PRKN), and PTEN induced kinase-1 (PINK1) (Chang et al., 
2017; Nalls et al., 2019), which are all related to autophagy in normal 
brain. Interestingly, ablation of essential autophagy gene Atg5 in microglia 
induces PD-like symptoms in animals (Cheng et al., 2020). Additionally, 
depleting microglial autophagy in a PD mouse model accelerates the loss of 
dopaminergic neurons, implying the influence of microglial autophagy in PD 
pathogenesis (Choi et al., 2022). These studies indicate that autophagy in 
microglia is involved in the initiation and progression of PD. Mechanistically, 
Atg5 deletion exacerbates the pro-inflammatory responses and aggravates 
the MPTP-induced neurodegeneration by activating NLRP3 inflammasome 
(Qin et al., 2021). Studies have shown that an excessive stimulation of NLRP3 
inflammasome might worsen autophagy in microglia and further exacerbates 
the pathogenesis of neurodegenerative diseases. Atg7-deletion in microglia 
reveals an enhanced level of insoluble and phosphorylated SNCA (p-S129) in 
the PD brain (Choi et al., 2020). Selective autophagy, facilitated by autophagy 
receptor p62/SQSTM1 in microglia suppresses the accumulation of misfolded/
aggregated SNCA (termed synucleinphagy), suggesting a protective role of 
microglia autophagy in the clearing of SNCA (Choi et al., 2020). Aggregations 
of SNCA trigger the activation of NLRP3 inflammasome in microglia through 
collaboration with Toll-like receptors and activation of nuclear factor-κB 
(Panicker et al., 2019). For the initiation of synucleinphagy, microglia Toll-
like receptor 4 stimulates the transcriptional upregulation of p62/SQSTM1 
through the nuclear factor-κB signaling pathway that further promotes the 
degradation of SNCA (Choi et al., 2020). Moreover, SNCA is also a substrate 
of CMA. Thus, enhancing CMA could reduce the SNCA levels and protect cells 
from SNCA-induced neurotoxicity (Xilouri et al., 2013). Chen et al. (2021) 
have explored the activation of microglial autophagy stimulated by the p38-
transcription factor EB (TFEB) pathway by inhibiting CMA-dependent NLRP3 
degradation, which might be used as a therapeutic strategy for PD patients. 
Converging evidence has shown that microglial autophagy is neuroprotective 
in PD. 

Autophagy in astrocytes of neurodegenerative diseases
AD: Astrocytes promote the diminution of extracellular Aβ and prevent 
its toxicity by supporting its internalization and degradation in astrocytes 
(Phatnani and Maniatis, 2015). In astrocyte culture exposed to Aβ1–42 
peptide, Aβ content is mainly observed in LC3-labelled autophagosomes. 
Atg5 deletion interrupts the autophagic flux, and LC3 overlapping with Aβ 
accretion shows a significant reduction (Pomilio et al., 2016). ApoE promotes 
the astrocytes ability for Aβ clearing process in the AD brain (Husain et al., 
2021). It is suggested that autophagy is essential for ApoE-dependent Aβ 

Figure 3 ｜ Autophagic gene and pathway abnormalities in microglia and astrocytes 
affecting pathophysiology of AD and PD.  
Diagram illustrating various autophagy genes and pathways in microglia and astrocyte 
aggravating the pathology of AD and PD brain. Text of the same color indicating 
the autophagic gene or pathway with causative symptoms. Created with Microsoft 
PowerPoint. AD: Alzheimer’s disease; Aβ: amyloid-beta; GBA: glucosylceramidase beta; 
IDE: insulin-degrading enzyme; LRRK2: leucine-rich repeat kinase 2; NFT: neurofibrillary 
tangle; PD: Parkinson’s disease; SNCA: alpha-synuclein; TFEB: transcription factor EB. 

Autophagy in microglia of neurodegenerative diseases
AD: Microglia is a key contributor to amyloid-β (Aβ)-induced immune 
response in the propagation of neurodegeneration and synaptic dysfunction 
in AD (Guo et al., 2020). Various studies have recognized the interplay 
between microglial autophagy and neuroinflammation in AD. Autophagy in 



734  ｜NEURAL REGENERATION RESEARCH｜Vol 19｜No. 4｜April 2024

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

clearance in astrocytes (Simonovitch et al., 2016). In response to Aβ, mouse 
primary astrocytes release insulin-degrading enzyme through an autophagy-
dependent process. Insulin-degrading enzyme is an essential protease 
involved in the degradation of Aβ in the extracellular space. In Atg7 gene 
ablated mice, the level of insulin-degrading enzyme is reduced, suggesting 
the involvement of astrocyte autophagy in the degradation of extracellular Aβ 
(Son et al., 2016). TFEB is a well-known transcriptional factor that organizes 
the autophagosome-lysosome function by increasing the expression of genes 
involved in lysosome biogenesis, autophagosome formation, and lysosome 
function (Cortes et al., 2019). Intriguingly, virus-aided astrocyte-selective 
overexpression of TFEB augments the lysosomal function and reduces Aβ 
plaque deposition in the hippocampus of transgenic mice with mutant human 
APP and PSEN1 genes (Xiao et al., 2014). In astrocyte culture, expression of 
exogenous TFEB increases the uptake, trafficking, and degradation of Aβ, 
suggesting an autolysosome/endolysosomal pathway begun by astrocytes 
for Aβ clearance in AD (Xiao et al., 2014). These observations for TFEB in 
astrocytes provide a link between autophagy and Aβ clearance. 

PD: The neuropathology of PD includes dysfunctional protein degradation and 
SNCA, neuroinflammation, glia activation, oxidative stress, and mitochondrial 
dysfunction. Though PD has been regarded as a dopaminergic neuron 
disease, the astrocyte’s contribution to PD pathogenesis is gaining attention. 
Reactive astrocytes with enhanced expression of SNCA and dysfunctional 
mitochondria in astrocytes from PD patients show disease pathology (Bantle 
et al., 2019; Wang et al., 2021). Dysfunctional proteolysis is also considered 
one of the contributing factors in PD. In astrocytes, the autophagy-lysosomal 
pathway and ubiquitin-proteasome system begin clearing and refolding 
of abnormal proteins. Alterations in autophagic pathways might halt the 
accretion of protease-resistant misfolded and aggregated proteins and 
damaged organelles in PD (Galves et al., 2019). It has been shown that 
lysosomal inhibitor bafilomycin A1 improves the formation of detergent-
insoluble SNCA in astrocytes (Lee et al., 2010). A similar effect is also observed 
with autophagy inhibitor 3-methyladenine, as it reverses the recovery of the 
degradative ability of astrocytes and reduces the level of intracellular SNCA 
engulfed by astrocytes (Hua et al., 2019). A selective inhibition of autophagy 
in astrocytes through overexpression of αβ-crystallin increases the SNCA 
accumulated in the brains of transgenic mice expressing the human SNCA 
A30P mutant (Lu et al., 2019). Recently, there are a number of genes linked 
to autophagy and astrocytes as risk factors in PD, such as glucocerebrosidase, 
LRRK2, PINK1, ATP13A2, PARK2, and PARK7 (Booth et al., 2017). A study 
has shown that LRRK2 G2019S mutation in PD patient’s iPSC-derived 
astrocytes caused altered CMA and impaired macroautophagy that further 
leads to advanced endogenous SNCA accretion (di Domenico et al., 2019). 
Furthermore, ablation of astrocyte mitophagy by knockout Kir6.1 causes the 
enhanced degeneration of dopaminergic neurons in substantia nigra pars 
compacta and leads to acute motor dysfunctions in MPTP stimulated PD 
model. Restoring the mitophagy in astrocytes supports dopaminergic neuron 
survival and mitochondrial functions, suggesting a crucial role for astrocyte 
mitophagy in PD pathogenesis (Hu et al., 2019). Astrocytes deficient in Pink1 
and Parkin showed mitophagy defects that caused a reduced distribution 
of astrocytes in the substantia nigra. Lack of astrocyte-mediated restoration 
contributed to the progression of PD (Kano et al., 2020). Another PD-allied 
gene, glucocerebrosidase mutation in astrocytes leads to dysfunctional 
proteolysis by affecting the autophagy-lysosome pathway that creates 
excessive neuronal SNCA accumulation in PD (Aflaki et al., 2020). 

Autophagy in oligodendrocytes of neurodegenerative injuries 
Numerous previous studies have documented that autophagy in 
oligodendrocytes is involved in both brain injury and recovery (Belgrad et 
al., 2020). Conditional ablation of Atg5 in oligodendrocytes reduces recovery 
after spinal cord injury (Ohri et al., 2018). In traumatic brain injury, stimulation 
of autophagy reduces the extent of the damage for grey and white matter 
in both the cortex and hippocampus (Yin et al., 2018). Autophagy not only 
plays an empirical role in the differentiation and survival of oligodendrocytes 
(Bankston et al., 2019) but also impacts its myelination ability. In multiple 
sclerosis, alterations in oligodendrocyte autophagy affect myelin plasticity, 
leading to cytoplasm decompaction and reduced myelin wraps, which 
eventually trigger demyelination (Belgrad et al., 2020). Moreover, a recent 
study has shown that deactivation of oligodendroglia autophagy by Atg7 
deletion causes adult-onset increases in myelin, enhanced myelin sheath 
width, and irregular myelin structures that ultimately impair neural function, 
concluding in adult-onset advanced motor decline, neurodegeneration, and 
death (Aber et al., 2022). Better understanding of the underlying autophagy 
mechanisms in oligodendrocytes demands pursual as it will provide the 
direction for developing the treatments against demyelinated brain injuries.

Therapeutic Implication of Autophagy 
Modulation in Glia 
Growing evidence shows that autophagy dysregulation in glia contributes 
to various neurodegenerative diseases. Despite these studies, very few 
approaches have been made to target the autophagy pathways in glia as 
therapeutic strategies for treatment. In a transgenic mouse model for AD-
related amyloidosis (CRND8), enhancement of the autophagy/lysosomal 
pathway through single-walled carbon nanotubes aids in clearing amyloid 
(Xue et al., 2014). A study conducted on a human glia cell line reported 
that an increase in BAG3-dependent autophagy by mitigating the heat 
shock protein CRYAB increased the removal of α-synuclein (Lu et al., 2019). 
More specifically, modulation of autophagic genes in astrocytes, like adeno-

associated virus (AAV) mediated TFEB to increase its expression in neurons, 
helping to reduce the Aβ levels and amyloid accretion in a mouse model 
expressing mutant human PSEN1 and APP genes (Xiao et al., 2014). The AAV-
mediated cell-specific gene delivery was also used for TFEB expression in 
astrocytes, which shows promising effects to increase uptake of extracellular 
tau species and reduce tau spreading in the PS19 mouse model (Martini-
Stoica et al., 2018). The efficiency of AAV delivery in microglia used to be 
a bottleneck for in vivo experiments. Recent progress (Lin et al., 2022; 
Okada et al., 2022) for specific and efficient delivery of autophagy genes or 
regulator genes such as TFEB may overcome this barrier for future therapy 
in AD and PD. Overall, it is a promising strategy to develop specific and 
efficient AAV gene therapies to deliver autophagy-related genes to glia in 
neurodegenerative and neurodevelopmental disorders. 

Conclusions and Perspectives
Autophagy is evolving as a critical process that impacts the human brain 
throughout the lifespan in both physiological and pathological conditions. 
Ample results from recent studies have discussed the impairments of 
autophagy in various disorders in developing, adult, and aging brains. 
However, these studies are mainly attributed to neuronal autophagy. In recent 
years, increasing evidence is available indicating glial autophagy dysfunction 
in various brain pathologies. Involvement of autophagy in the regulation of 
glial functions is an intriguing area of research as it not only affects glial health 
by modulating the dead/damaged cell debris clearance but also contributes 
to signaling mediators through proteolytic processing. Thus, the efficiency of 
glial autophagy might have profound implications on health, function, and 
response to various stress stimuli in the brain. Nevertheless, the information 
on the elaborate interaction between glia and autophagy genes in brain 
homeostasis and brain disorders is still far from being done. The investigation 
of glial autophagy regulation is indispensable from both scientific and clinical 
standpoints. Exploration of the molecular mechanisms of autophagy pathways 
in glia is vital to a comprehensive platform for neurotherapeutic approaches. 
Similarly, during brain development autophagy plays a crucial role in genesis 
and differentiation of the NSCs. Human clinical and genetic studies have 
reported the contribution of autophagy-related genes in congenital mutations 
in various neurodevelopmental disorders. Autophagy regulates multitasking 
attributes of NSCs, and this aspect also deserves a more vigorous investigative 
approach to develop a better insight into the contribution of specific 
autophagy genes in the maintenance and regulation of NSCs as well as their 
cell fates in developing, adult, and aging brains.
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