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ABSTRACT

Ischemic brain injury occurs in many clinical settings, including stroke, cardiac
arrest, hypovolemic shock, cardiac surgery, cerebral edema, and cerebral vasos-
pasm. Decades of work have revealed many important mechanisms related to
ischemic brain injury. However, there remain significant gaps in the scientific
knowledge to reconcile many ischemic brain injury events. Brain ischemia leads
to protein misfolding and aggregation, and damages almost all types of sub-
cellular organelles including mitochondria, endoplasmic reticulum, Golgi appa-
ratus, lysosomes, etc. Irreparably damaged organelles and insoluble protein
aggregates are normally removed by autophagy. The build-up of common
autophagic components, such as LC3, p62, and ubiquitinated proteins, are
generally observed in brain tissue samples in animal models of both global
and focal brain ischemia, but the interpretation of the role of these autophagy-
related changes in ischemic brain injury in the literature has been controversial.
Many pathological events or mechanisms underlying dysfunctional autophagy
after brain ischemia remain unknown. This review aims to provide an update of
the current knowledge and future research directions regarding the critical role
of dysfunctional autophagy in ischemic brain injury.
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Introduction of ischaemic brain injury

Ischemic brain injury can manifest in various clinical situations including
stroke, cerebral vasospasm, cerebral edema, cardiac surgery, shock, and
cardiac arrest [1-4]. Animals typically cannot survive a global brain
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ischemic episode exceeding 20-30 minutes [5]. However, they can
endure prolonged focal brain ischemia with or without reperfusion,
mirroring that of humans with ischemic stroke untreated or treated
with revascularization therapies through thrombolytic or endovascular
thrombectomy [6]. Brief global brain ischemia with reperfusion can
cause irreversible and delayed neuronal death in hippocampal, striatal,
and neocortical regions during reperfusion in both animals and humans
[6]. Conversely, prolonged focal brain ischemia (stroke) progresses from
early striatal infarction to delayed dorsolateral cortical infarction over-
lying the striatum [7].

Focal brain ischemia produces two regions of injury: the ischemic core and
the penumbra. In the ischemic core, where brain tissue has extremely low
blood flow, about 80% of the neurons die within hours [8,9]. The surrounding
penumbra, characterized by transient ischemia or relatively low blood flow,
experiences a more gradual neuronal death, with about 40% of the neurons
dying over several days [7,10]. Focal brain ischemia can also lead to reperfu-
sion injury in the penumbra even without external reperfusion, as blood flow
can be re-established via collateral circulation [11]. The full extent of damage
evolves over time, with initial ionic edema followed by cytotoxic edema, as
well as blood-brain barrier breakdown, whereas microglia activation, mono-
cyte infiltration, and astrogliosis were often not observed until 12-24 hours
after focal brain ischemia [10].

Autophagy initiation and autophagosome biogenesis

Eukaryotic cells have two major intracellular degradation mechanisms: the
ubiquitin—proteasome system and autophagy [12-14]. The ubiquitin-
proteasome system degrades intracellular soluble ubiquitinated proteins,
while autophagy primarily handles insoluble proteins through macroauto-
phagy, microautophagy, and chaperone-mediated autophagy [12-14].
Macroautophagy, often simply called autophagy, is the most studied form
as it removes “large” cellular components. It plays a key role in both cell survival
and maintenance and is implicated in various human diseases [15-18].
Autophagy has a sophisticated organizational hierarchy that constantly moni-
tors cellular waste and damaged components, adjusting their numbers and
compositions under both normal and pathological conditions [13].

There are numerous autophagy-related proteins and regulators. Figure 1
illustrates the general autophagy pathway. Autophagy is generally activated
by conditions of nutrient deprivation, but its activation has also been asso-
ciated with both physiological and pathological processes, such as develop-
ment, differentiation, ischemia, traumatic brain injury, neurodegenerative
diseases, stress, infection, and cancer [17,19]. Furthermore, autophagy-
related proteins and regulators may be expressed differentially among
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Figure 1. Schematic overview of general autophagy pathway. In biological conditions,
the autophagy pathway is under precise control by multiple regulatory proteins which
can either induce or inhibit autophagy. When autophagy is activated via the mTOR
regulatory pathways (i), phagophore formation is initiated by ATG complexes (ii). LC3 is
lipidated by Atg7 and Atg3, thereby becoming LC3-ll, and incorporated into the
phagophore membrane (iii) to sequester ubiquitinated proteins via the ubiquitin bind-
ing domain of its binding partner SQSTM1/p62. As more LC3-Il is incorporated, the
phagophore membrane continues to expand and engulf cellular components for sub-
sequent degradation before it eventually seals to form an autophagosome (iv). The
autophagosome then undergoes membrane fusion with lysosomal structures contain-
ing functionally active proteases (v) to form autolysosomes which are capable of
degrading waste cargo (vi). Abbreviations: ALFY = autophagy-linked FYVE protein;
AMP = adenosine monophosphate; AMPK = AMP-activated protein kinase;
Atg = autophagy related; ATP = adenosine triphosphate; Bcl-2 = B-cell lymphoma-2
protein; Beclinl = mammalian ortholog of yeast Atg6; FIP200 = FAK family kinase-
interacting protein of 200 kDa; LC3 = microtubule-associated protein 1A/1B-light chain
3; LC3-I = cytosolic microtubule-associated protein 1A/1B-Light Chain 3; LC3-Il =
microtubule-associated protein 1A/1B-light chain 3-phosphatidylethanolamine conju-
gate; MAPK/Erk1/2 = mitogen-activated protein kinase/extracellular signal-regulated
kinase-1/-2; mTOR = mammalian target of rapamycin; NBR1 = neighbor of Brcal
gene; p150 = mammalian homolog of yeast VPS34; p53 = tumor protein p53;
PE = phosphatidylethanolamine; PI3K-1/Akt = phosphatidylinositol 3-kinase/protein
kinase B; PRAS40 = proline-rich AKT substrate of 40 kDa; Rab11 = Ras-related protein
Rab-11; Raptor = regulatory-associated protein of mTOR; Rubicon = run domain Beclin-
1-interacting and cysteine-rich domain-containing protein; ub = ubiquitin; ULKT = UNC-
51-like kinase 1; WIPI2 = WD-repeat protein interacting with phosphoinositides.

various cell types in the brain in both physiological and pathological condi-
tions [20,21].

The autophagy pathway has been described in greater detail in other
publications [22,23]. Briefly, mammalian target of rapamycin (mTOR) kinase
is a critical regulator of autophagy (Figure 1). mTOR activation by phosphoi-
nositide 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK)
signaling promotes suppression of autophagy, whereas mTOR inhibition by
AMP-activated protein kinase (AMPK) and p53 signaling promotes autophagy
[24-26]. Three related serine/threonine kinases, referred to as UNC-51-like
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kinase-1,-2, and -3 (ULK1, ULK2, UKL3), act downstream of the mTOR complex
in which ULK1 and ULK2 form a large complex with ATGs 13 and 101 and the
scaffold protein known as FIP200 (an ortholog of yeast Atg17) [27]. The ULK1/
ATG complex promotes initiation of autophagy via its phosphorylation of
Beclin-1 (mammalian homolog of yeast Atg6) within the Class Il PI3K complex
which consists of the human type Ill phosphatidylinositol 3-kinase (also
known as hVps34), p150 (a mammalian homolog of yeast Vps15), and Atg14-
like protein (Atg14L or Barkor) [28,29]. Alternatively, Bcl-2 can inhibit Beclin-
1-dependent autophagy in a variety of cell types, including yeast, mammalian
cells, and mouse heart muscle [30-32]. Additionally, autophagy and apopto-
sis may be connected both positively and negatively, and extensive crosstalk
exists between the two processes [33].

The ATG proteins control autophagosome formation through the Atg12-
Atg5 and LC3-Il (Atg8-ll) complexes. Atg12 is conjugated to Atg5 by Atg7-
and Atg10-mediated consecutive enzymatic reactions similar to the pro-
cesses of protein ubiquitination mediated by ubiquitin—-activating enzyme
(E1) and ubiquitin-conjugating enzyme (E2) [34]. The Atg12-Atg5 conjugate
then interacts noncovalently with Atg16 to form a large complex for attach-
ing to the phagophore membrane [35]. LC3/Atg8 is cleaved at its C-terminus
by the protease Atg4 to generate the cytosolic LC3-I [36]. LC3-l is conjugated
to phosphatidylethanolamine (PE) by Atg7 and Atg3 also via the E1- and E2-
like consecutive enzymatic reactions, thus becoming the autophagosome
membrane-bound form of LC3 known as LC3-Il [37]. Phagophore expansion
requires the incorporation of more LC3-Il complexes that interact with autop-
hagy receptors such as sequestosome 1 (SQSTM1), also known as p62, for
engulfing protein aggregates and damaged organelles. These autophagy
receptors share a common ubiquitin-binding domain (UBD) and an LC3-
interacting region (LIR), where the UBD recognizes ubiquitinated protein
aggregates and the LIR interacts with LC3-Il on the phagophore membrane
(Figure 2) [38,39]. As the phagophore engulfs cellular components, it expands
and eventually seals to form an autophagosome (AP) (Figure 2).

Autophagic degradation or autophagic flux involves the
lysosomal cycle

The AP must enter a lysosomal cycle (L-cycle) for degradation of waste
cargo. Lysosomes were initially discovered in 1955 by Christian de Duve’s
laboratory in Louvain, Belgium, through isolation of a subcellular fraction
containing common acid hydrolases with broad substrate specificity [40].
de Duve later shared the 1974 Nobel Prize for discoveries concerning
cellular structural and functional organization [41]. From their initial dis-
covery, we now know all L-cycle structures (late endosome-LE, autolyso-
some-AL, terminal lysosome-L), as well as their respective transitional
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Figure 2. (A) Schematic diagram of autophagosome formation and lysosomal degrada-
tion cycle (L-Cycle). Abbreviations: AL = autolysosome; AP = autophagosome;
ATG = autophagy-related protein; L = terminal lysosome; LC3-Il = microtubule-
associated protein 1A/1B-light chain 3-phosphatidylethanolamine conjugate;
NSF = N-ethylmaleimide sensitive factor ATPase; p62 = sequestosome 1 or p62/
SQSTM1; SNAP = soluble NSF attachment protein; SNAREs = SNAP receptors;
STX17 = syntaxin-17; SNAP29 = synaptosome-associated protein-29; VAMP = vesicle-
associated membrane protein; WIPI2 = WD-repeat protein interacting with phosphoi-
nositides. (B) Schematic diagram of organelle-specific autophagy receptors.
Abbreviations: AMBRAT = autophagy and beclin 1 regulator 1; ATL3 = atlastin
GTPase 3; BNIP3 = BCL2 interacting protein 3; BNIP3L/NIX = BNIP3-like protein or NIX;
CALCOCO1/NDP52 = calcium binding and coiled-coil domain 1; CCPG1 = cell cycle
progression 1; FAM134B = family with sequence similarity 134 member B; FKBP8 = FKBP
prolyl isomerase 8; FUNDC1 = FUN14 domain containing 1; NBR1 = neighbor of Brcal
gene; OPTN = optineurin; RTN3 = reticulon 3; SEC62 = translocation protein SEC62;
TAX1BP1 = Tax1-binding protein 1; TEX264 = testis expressed protein 263; TOLLIP = toll
interacting protein; TRIM13 = tripartite motif-containing protein 13; TRIM16 = tripartite
motif-containing protein 16.

intermediate structures contain similar acid hydrolases and lysosomal
structural proteins [6]. Therefore, they can collectively be referred to as
lysosomes or lysosomal structures [42,43]. However, these lysosomal struc-
tures differ in intraluminal pH: about 5.5 in LE, 4.5-5.5 in AL, and 4.5 in
L [44-47]. The difference in pH is regulated by differing densities or
activities of a multi-subunit proton pumps, called Vacuolar H*-ATPases
(V-ATPases), located on the membranes of these lysosomal structures
[48,49].

Autophagic flux measures both AP formation and degradation and is
used for evaluating autophagic degradation activity [50]. Normally, the
lysosomal system has an excessive capacity to handle increased AP
loads, rapidly degrading the entire AP structure including all AP com-
ponents (e.g., LC3-ll, p62, etc.) together with their cargos, even under
stress conditions. Lysosomal inhibitors such as bafilomycin A1 and
chloroquine can effectively block autophagic flux under normal condi-
tions. This suggests that autophagic flux is an active, ongoing process
and the L-cycle is a key rate-limiting step in the process [51].
Consequently, elevated levels of AP structural proteins, such as LC3
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and p62 often indicate reduced autophagic flux, suggesting deficient L-
cycle activity [50,52].

The L-cycle is shared by autophagic, endocytic, and Golgi
apparatus biosynthetic pathways

The L-cycle involves three main structures (LE, AL, L) and begins when an AP
fuses with a LE to form an intermediate/hybrid organelle known as the
amphisome (Figure 2) [53-55]. This amphisome then fuses with a terminal
L, creating a more acidic AL where the entire AP structure (including LC3-lI,
p62, and cargo content) is degraded. After degradation, the AL must convert
to a new terminal L for the subsequent round of the L-cycle (Figure 2, L-cycle).
This AL-to-L conversion likely involves protein and lipid complexes, though
the exact mechanism remains unclear [42,43,53]. The L-cycle repeats con-
tinuously, removing protein aggregates and damaged organelles [54].

As shown in Figure 3, the lysosomal system integrates traffic from the
autophagic, endocytic, and Golgi apparatus biosynthetic pathways. In the
endocytic pathway, endocytic materials are engulfed by invagination of the
cell membrane, forming an intracellular vesicle called the early endosome
(EE). These EEs, through a maturation process, become LEs to enter the
L-cycle. The Golgi pathway delivers lysosomal proteins (hydrolases,
V-ATPases, and lysosomal structural proteins) to the LE. In the autophagic
pathway, protein aggregates and damaged or surplus organelles are
engulfed into APs that fused with LEs to become amphisomes, as described
earlier (Figure 2) [6].

LEs receive cargo from EEs and APs, and hydrolases from the Golgi (Figure
3). The hydrolases in the LEs and amphisomes cannot efficiently degrade
waste cargo due to their high intraluminal pH (5.0-6.0). They must first fuse
with more acidic Ls to become autolysosomes/endolysosomes (AL/EL) with
more acidic pH (~4.5) for waste cargo degradation (Figures 2 and 3). After
degradation, AL/ELs must convert to new Ls to participate in the next round
of LE/AP- or amphisome-to-L fusion (Figures 2 and 3) [6,42,43,53]. Among
lysosomal structures, AL/ELs are the principal degradation site containing
both cargo to be degraded and fully active acid hydrolases due to the optimal
acidic pH. LEs cannot degrade the cargo efficiently due to the higher intra-
luminal pH. The terminal lysosome, derived from post-degradation AL/ELs,
acts mainly as intraluminal acidic environment providers, delivering addi-
tional V-ATPases and mature hydrolases to LEs during the L-cycle [6,42,43,53].

Discrepancies in describing lysosomal structures exist in brain ischemia
research literature [56-58]. Some studies describe lysosome as terminal
digestive organelles, rather than dynamic structures undergoing the L-cycle.
Often, LEs and AL/ELs are vaguely batched together as “lysosomes” [6]. These
inconsistencies occur because all three basic lysosomal structures (LE, AL/EL,
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and L) contain virtually identical proteins, although in different quantities.
Furthermore, the LE is considered a precursor to AL/EL and L, as lysosomal
hydrolytic enzymes and structural proteins are delivered from the trans-Golgi
network to LE, then to AL/EL and L. Common lysosomal markers, such as
cathepsins and lysosomal membrane-associated proteins (LAMPs) are major
components of all three structures. Distinguishing these structures is challen-
ging due to no specific protein markers. M6PR is present in the LE but not in
AL/EL and L. However, its utility as a specific marker for LEs is somewhat
limited by the fact that it is also located in the Golgi and cell membrane [6,59].
Rab7 is currently known to be present in LEs and AL/ELs, but not in Ls [6,60].

The L-cycle is regulated by membrane fusion events

The bilayer lipid membrane fusions along the autophagic, endocytic, and
Golgi apparatus biosynthetic pathways shown in Figure are mediated by
multiple protein complex machineries [61]. The core complex consists of
N-ethylmaleimide-sensitive factor ATPase (NSF), soluble NSF attachment pro-
tein (SNAP), and SNAP receptors (SNAREs) (Figure 2). SNAREs, either directly
anchored or indirectly associated to lipid membranes, execute the mem-
brane-to-membrane fusion through interactions between SNAREs on oppos-
ing membranes (e.g., Figure 2, AP and LE) [62]. After fusion, SNAREs form an
inactive complex (Figure 2, inactive SNAREs) and must be reactivated for the
subsequent LE/AP-to-L membrane fusions (Figure 2, active SNAREs). This
reactivation is mediated by NSF ATPase and its co-factor SNAP (Figure 2)
[62-65]. Notably, NSF inactivation impedes membrane fusion events in the
autophagic, endocytic, and Golgi apparatus biosynthetic pathways disrupting
autophagic flux after brain ischemia [6].

Two autophagy-specific SNARE complexes STX17-SNAP29-VAMP8 and
YKT6-SNAP29-STX7 are involved in both the AP-to-LE fusion (forming amphi-
somes) and amphisome-to-lysosome fusion (forming ALs) (Figure 2) [66-68].
However, it remains to be investigated whether other SNAREs are involved for
these membrane fusion processes. In addition to the SNARE complexes, other
protein complexes, such as Rab GTPases, tethering complexes, and the
ESCRTs (endosomal sorting complexes required for transport) also play an
essential role in these membrane fusion events. However, the role and
specificity of these complexes for the autophagic processes remain to be
elucidated.

Apart from their role in the autophagic pathway, the NSF-SNAP-SNARE
machinery also plays an essential role in neurotransmitter release and synap-
tic vesicle (SV) recycling. Like the AP-to-LE and LE-to-L fusions shown in
Figure 2, with synaptic stimulation, neurotransmitter-filled SVs are moved
to and then fused with the presynaptic plasma membrane, resulting in
neurotransmitter release. Synaptic SNAREs are the core protein complexes
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Figure 3. Schematic diagram of post-stroke hydrolase release. Upper: In healthy
neurons, lysosomal hydrolytic enzymes and lysosomal structural proteins are synthe-
sized on the ER-associated polyribosomes, modified in the ER and the Golgi lumen, and
transported via vesicles to the late endosome (LE). The LE also receives incoming waste
cargos from early endosome (EE) of the endocytic pathway and autophagosome (AP) of
the autophagic pathway. The enzyme- and waste cargo-loaded LE then enters the “L-
Cycle” by fusing with an acidic terminal lysosome (L) for the formation of an autolyso-
some (AL) or endolysosome (EL) where the cargo can be degraded in an acidic
environment (~pH 4.5). After degradation of waste cargo, EL converts into a new L via
an NSF-mediated mechanism for the next round of LE-to-L fusion. Lower: middle
cerebral artery occlusion stroke model leads to NSF deficiency in neurons, thus causing
disruption of the AL's/EL’s conversion to a new L. This results in the endocytic and
autophagic traffic jams at the step of the AL’s or EL's conversion to L. Consequently,
both the size and number of all the structures related to the endocytic and autophagic
pathways before the EL-to-L conversion phase, are increased. This cascade of events
eventually damages the hydrolase-containing structures to release hydrolases into the
cytoplasm or extracellular space contributing to stroke brain injury.

responsible for mediating the SV-to-presynaptic membrane fusion [69].
Although both abundant and redundant, SNARE proteins can be relatively
organelle specific. For example, STX17, SNAP29, VAMPS, and YKT6 are major
endolysosomal SNAREs as described above, whereas STX1, SNAP25, synapto-
brevin, etc., are synaptic SNAREs responsible for the SV-to—presynaptic mem-
brane fusion which is an exocytic process [69]. After exocytic
neurotransmitter release, synaptic proteins, including synaptic SNAREs
(STX1, SNAP25, synaptobrevin, etc.), are retrieved into presynaptic terminals
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via endocytosis. Following SV-to-presynaptic membrane fusion, SNAREs form
an inactive complex on the presynaptic plasma membrane to be disas-
sembled by NSF ATPase and its co-factor SNAP [70]. Disassembled SNAREs
and other synaptic proteins are then internalized into the presynaptic term-
inals mostly via clathrin-mediated endocytosis where SNAREs can be reused
to mediate subsequent SV-to-presynaptic plasma membrane fusion events
[71]. Recycling of synaptic proteins, mediated by the disassembly of inactive
SNARE complexes by NSF ATPase and SNAP, is a critical process required for
sustaining high rates of synaptic transmission without exhausting the supply
of synaptic vesicles.

Organelle-specific autophagy

Autophagy was long thought to be a non-specific bulk degradation process,
although emerging evidence shows that it can also be selective through
a growing number of newly discovered organelle-specific autophagic recep-
tors (Figure 2B) [72-77]. This selectivity has led to terms like mitophagy, ER-
phagy, lysophagy, Golgiphagy for the removal of damaged mitochondria, ER,
lysosomes, and Golgi apparatus, respectively. Brain ischemia damages almost
all subcellular organelles, making organelle-specific autophagy studies highly
relevant to understanding autophagy’s role in ischemic brain injury.
Mitophagy has been widely studied due to mitochondria’s dynamic nature
and potential to produce deleterious reactive oxygen species and release
apoptotic proteins when damaged [78]. In comparison, despite their signifi-
cance, research on other organelle-specific autophagy remains limited in the
field of brain ischemia.

General changes in autophagy genes after brain ischaemia

Brain ischemia with a duration longer than 5 minutes can result in tremen-
dous cellular and tissue damage [79]. Aside from inducing organelle damage
and the associated cellular consequences, such as releasing deleterious reac-
tive oxygen species and apoptotic proteins as in the case of mitochondrial
damage, several studies have identified another consequence of cerebral
ischemia: accumulation of neurotoxic protein aggregates [80-84]. Among
brain cell types, neurons are the most susceptible to damage from brain
ischemia. Furthermore, neurons are highly specialized, non-divisible cells
where replacement of healthy neurons is not a viable option. For these
reasons, sophisticated internal (e.g., intra—neuronal) and external (e.g., pha-
gocytosis of cellular debris) quality control mechanisms are essential to
support cellular and tissue homeostasis after brain ischemia [85]; one of the
major such quality control mechanisms is autophagy. Therefore, levels of
autophagic genes and proteins are significantly altered after brain ischemia.



10 (&) E.OSTERLIETAL.

For example, Becn1 gene expression is upregulated at 2 days and then
gradually decreased following ischemia in both hippocampal cortex and
CA1 region [86-88]. Bnip3 gene expression is upregulated in CA1 region at
2 days and then downregulated at 7- and 30 days following ischemia [86,87].
In another report, both Becn1 and Bnip3 gene expressions were found to be
significantly upregulated at 12 months and 24 months post-ischemia in the
CA3 region [89]. Furthermore, autophagy-related proteins are expressed
differentially among neurons and non-neuronal cell types in post-ischemic
brains which are further elaborated below in the following sections. These
studies highlight significant spatial and temporal effects of cerebral ischemia
on autophagy-related gene expression in various brain cell populations,
further emphasizing the complexity of autophagy’s role in ischemic brain
injury and stressing the need to analyze autophagic changes in ischemic
injury carefully with respect to the entire autophagic flux process, as well as
different cell populations and recovery time following ischemic insult.

Neuronal autophagy flux after brain ischaemia

Autophagy has been extensively studied in animal ischemic brain injury
models [6,53,55]. AP components like LC3-Il, ATG5, p62, and lysosomal pro-
teins, such as LAMPs and cathepsin B generally show progressive and persis-
tent increases in their protein levels in neurons undergoing the cell death
process after brain ischemia [6,90,91]. However, these increases may not
reflect increased autophagic activity but rather indicate reduced autophagic
flux caused by deficient lysosomal degradation (L-cycle activity) after brain
ischemia [6,91-93]. This phenomenon is observed in brain ischemia models,
myocardial ischemia models, as well as in some human lysosome storage
diseases [6,94-96]. As highlighted in a guideline for studying autophagy,
autophagic activity should be evaluated by examining the entire autophagic
process, i.e., autophagic flux [53]. Therefore, increased autophagosome num-
bers or levels of LC3 and p62 likely result from deficient lysosomal degrada-
tion of AP structural proteins and cargos rather than increased autophagy
initiation [6,73,91-93].

Chemical inhibitors of autophagy are often used to study autophagy in
animal brain ischemia models. However, most current chemical autophagy
inhibitors or modulators lack specificity, as highlighted in a review by
Mizushima et al. [97]. For example, a group of phosphoinositide 3-kinase
inhibitors, such as 3-methyladenine and wortmannin are widely used as
autophagy inhibitors despite not being autophagy specific. 3-methyladenine
can increase autophagic flux under certain conditions [98]. At high concen-
trations, it can target other kinases and cellular processes, including glycogen
metabolism, lysosomal acidification, endocytosis, and mitochondrial
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permeability transition. Therefore, the effects of chemical autophagy mod-
ulators on brain ischemia should be confirmed with multiple, non-
overlapping methods.

Autophagic changes in the post-ischemic brain tissue may be influ-
enced by different types of cells, including infiltrated inflammatory cells
[99-102]. Most studies of autophagic gene expression are performed
using brain tissues with mixed cell types and thus may not distinguish
if increased autophagic proteins are from neurons, non-neuronal cells,
and infiltrated inflammatory cells. Autophagic flux can differ, or even
behave inversely, between neurons and other cells like astrocytes, micro-
glia cells, or infiltrated inflammatory cells [6,90]. Consequently, changes
in LC3-Il level in tissue homogenate or subcellular fractions may reflect
impaired AP degradation (reduced autophagic flux) in neurons or the
mixed changes from different cell types after brain ischemia.
Understanding autophagy’s role after brain ischemia requires studying
the entire autophagic flux process in different brain cell types.
Furthermore, basal levels and steady-state regulation of autophagy may
significantly differ between in vivo brain cells and in cultured cells. Thus,
results from cell culture studies should be confirmed by in vivo stu-
dies [6].

Electron microscopy (EM) is an effective tool to quantify APs and ALs after
brain ischemia [91]. Previous EM studies show that transient cerebral ischemia
leads to a dramatic build-up of intracellular vesicular structures in vulnerable
CA1 neurons [103-111]. Some of these vesicular structures likely represent
APs and ALs [5,6,85]. A common feature indicating impairment of the autop-
hagic pathway is the build-up of abnormal protein aggregates and aberrant
organelles [112-114]. These are the predominant ultrastructures in CAT1
neurons destined to undergo delayed neuronal death following global
brain ischemia [5,6]. The build-up of damaged organelles, along with autop-
hagic and lysosomal structures, indicates deficient AP degradation or
decreased autophagic flux in post-ischaemic neurons [6].

Autophagic flux is generally considered as a pro-survival response in post-
ischemic neurons to maintain neuronal homeostasis by removing toxic pro-
tein aggregates and damaged organelles [115-119]. However, some studies
have interpreted it as detrimental [120-123] due to, for instance, its removal
of some of salvageable organelles after brain ischemia. Meanwhile, a handful
of others acknowledge the exact role of autophagic flux in post-ischemic
neurons to be somewhat ambiguous or situationally beneficial/detrimental
[124-129]. These discrepancies may be due to differences in autophagy
across different cell types, variation in the extent of autophagic activity, as
well as differences in the spatial and temporal dynamics of autophagic
activity [6,129]. This controversial role of autophagic flux in post-ischemic
neurons may also be partially due to the issue of misinterpretation of results,
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which has been extensively discussed in previous publications [130-132]. The
controversial role of autophagy may also suggest that our current knowledge
of autophagy in pathological conditions is likely partial and that specific tools
or treatments for the enhancement of the entire autophagic flux are limited
to understand the final outcomes.

Inactivation of neuronal NSF ATPase after brain ischaemia

As described above in Figures 2 and 3, the NSF-SNAP-SNARE machinery is the
prerequisite for the AP-to-LE and LE/AP-to-L fusion, as well as Golgi transport
vesicle-to-LE fusion for delivering lysosomal hydrolases and structural pro-
teins. After fusion, SNAREs form an inactive cis-complex on the single result-
ing membrane. The inactive SNARE cis-complex must be dissociated or
reactivated by NSF ATPase for subsequent membrane fusions [66-68].
Because mammalian cells possess only a single form of NSF, deficiency in
NSF halts all membrane fusion activities [6]. This handicaps both the delivery
of lysosomal hydrolases and lysosomal structural proteins from the trans-
Golgi network and impedes the LE-to-L fusion forming AL/EL (Figure 2).
Consequently, lysosomal degradation activity becomes deficient, reducing
autophagic flux after brain ischemia [6,90-93].

There are a few in vivo studies referencing the NSF-SNAP-SNARE machin-
ery after brain ischemia [5,91,108,133]. One study found that cytosolic NSF
was depleted in the hippocampal CA1 neurons as early as 30 minutes post-
reperfusion following global brain ischemia due to its deposition into inactive
Triton X-100-insoluble protein aggregates [108]. This depletion of active NSF
persisted until neuronal death occurred at 2-3 days post-reperfusion. In
comparison, NSF remained active in surviving dentate gyrus neurons exposed
to the same ischemic episode [108]. The inactive deposition of NSF was
accompanied by complete fragmentation of Golgi stacks and accumulation
of numerous intracellular vesicular structures (partly due to Golgi fragmenta-
tion) in hippocampal CA1 neurons [108]. The authors speculated that persis-
tent depletion of active NSF likely contributes to delayed neuronal death in
CAT1 neurons after a brief period of global brain ischemia.

Yuan et al. [5] found that 20 minutes of global brain ischemia led to the
selective and complete inactivation of NSF ATPase in neurons destined for
delayed neuronal death. This inactivation resulted in massive accumulation of
Golgi fragments, intracellular vesicles, and cargo-laden late endosomes in
affected neurons. They also observed upregulation of lysosomal hydrolase
cathepsin B (CTSB) immunoreactivity as larger, diffused, and irregularly
shaped puncta, with some CTSB immunoreactivity evenly distributed in the
cytoplasm of post-ischemic neurons destined to die [5]. This suggested CTSB
release from the Golgi apparatus and lysosomal structures into the neuronal
cytoplasm after transient global brain ischemia [5]. Importantly, CTSB release
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was mostly restricted within neurons, suggesting a microscale event. The
authors also suggested that limited cathepsin release might not cause cata-
strophic destruction of neuronal structures or indiscriminate tissue infarction.
Instead, it could activate cell death signaling pathways after a brief period of
global brain ischemia [5,92].

Yuan et al. [91] also demonstrated irreversible NSF depletion or inactive
deposition in virtually all penumbral neurons after 2 hours of middle cerebral
artery occlusion in a rat stroke model. The irreversible inactivation of NSF
ATPase led to large-scale CTSB release, causing indiscriminate neuronal
structural damage. As a result, post-ischemic neurons ruptured, releasing
contents including CTSB, ubiquitinated protein aggregates, and p62-protein
aggregates into the extracellular space. Hu et al. [93] found that CTSB knock-
out mice compared to wild-type mice had significantly smaller injury area in
the hippocampus, increased neuronal survival in the striatal core area, and
improved physical and functional performance post-ischemia in the mouse
stroke model [93]. These studies support the hypothesis that NSF inactivation
in post-ischemic neurons leads to deficient lysosomal degradation activity or
autophagic flux, build-up of lysosomal structures, and release of CTSB after
brain ischemia [6,93]. It remains to be further investigated if and how the
cascade of NSF inactivation and CTSB release leads to neuronal death after
brain ischemia.

Autophagy in non-neuronal cells after brain ischaemia

Normal neurons exhibit predominant autophagic and lysosomal degradation
activities in the brain, evidenced by the localization of p62, cathepsin-B,
-L and -D, as well as LAMP-1 and -2 primarily in neurons of non-ischemic
mouse brain regions [6,91,93]. This may explain why neuronal autophagy
changes have been extensively characterized in different neurological dis-
eases, including brain ischemia [6,91,134]. However, autophagy is likely
altered in other cell types in the post-ischemic setting, including oligoden-
drocytes, microglial and infiltrated inflammatory cells, and blood-brain bar-
rier (BBB) related cells [6]. This is of particularly significant interest as
autophagy in non-neuronal cells plays a key role in brain tissue remodeling
and repair after ischemic stroke [131].

Kotoda et al. [135] studied focal cerebral ischemia in Atg5flox/flox LysMCre
+ mice (autophagy deficient in myeloid lineage cells) and in “wildtype”
Atg5flox/flox control mice. Myeloid lineage cells are derived from
a common myeloid progenitor and include macrophages, monocytes, gran-
ulocytes, neutrophils, eosinophils, microglia, and mast cells. They found that
mice lacking ATG5 in myeloid lineage cells had a lower 14-day post-ischemia
survival rate after ischemia (20% versus 70%; p < 0.05). Although there was no
difference in infarct volume at 12 hours, autophagy-deficient mice had larger
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infarct volumes at 3- and 7-days post-reperfusion and worsened behaviural
performances. Relative to those in the wild-type control mice, there was also
a higher proportion of inflammatory cells expressing M1 marker CD16/32 and
higher levels of proinflammatory cytokines in autophagy-deficient mice after
12 hours of reperfusion. The authors concluded that ATG5 deficiency in
myeloid cells exacerbates secondary injury by shifting the inflammatory
balance toward the proinflammatory response after ischemic stroke [135].

BBB impairment is significant in animal stroke models [136]. Studies have
shown that autophagy dysfunction may contribute to this impairment. Adult
mice with endothelial cell-specific ATG3 depletion exhibit BBB leakage [137].
Furthermore, both autophagy-related mRNA and protein expression are
repressed in the endothelial cells from older mice (24-month) and older
human male subjects (>68 years) after stroke [138]. These findings suggest
a potential link of dysfunctional autophagy with BBB impairment after brain
ischemia.

White matter is the axonal tracts that interconnect neuronal cell bodies in
the central nervous system, and is comprised of myelinated and unmyeli-
nated axons, myelinating oligodendrocytes, astrocytes, microglial cells, and
blood vessels. In humans, white matter injury is an important predictor of
long-term functional outcome after ischemic stroke [139,140]. However, this
aspect is significantly understudied in rodent ischemia models. At the writing
of this review (December 2024), PubMed searches reveal only 313 publica-
tions for “mouse ischemia white matter injury” and 215 publications for
“mouse ischemia axonal injury”. In comparison, there are 6,960 publications
in the PubMed for “mouse ischemia brain injury” during the same time
period. This disparity highlights the limited focus on white matter or axonal
injury in animal brain ischemia studies. One factor contributing to this
research gap is the significant difference in white and gray matter volume
ratios between rodents and humans [141].

Mature oligodendrocytes (oligodendrocytes hereafter) are myelin sheath-
producing cells. The myelin sheath wraps white matter axons and is respon-
sible for electrical impulse propagation and protects the nerve fibers from
injury. Oligodendrocytes are fragile, fibrous, and fixed in place, irreplicable,
with high sensitivity to brain ischemia likely due to their high energy needs
for myelination [142]. Each oligodendrocyte can wrap up to 50 neuronal
axons. Oligodendrocytes originate from oligodendrocyte progenitor cells,
which are derived from stem cells, proliferating throughout life to self-
renew, and constitutes about 5% of the cells in the adult central nervous
system [143]. In response to myelin damage, oligodendrocyte progenitor cells
migrate to the lesion area, differentiate into mature oligodendrocytes, and
produce new myelin [144].

During the early phase of brain ischemia, a proportion of oligodendrocytes
in the ischemic territory is initially damaged, often followed by axonal and
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oligodendrocyte degeneration and regeneration processes. Martin-Lopez
et al. [142] reported a significant increase in the number of oligodendrocyte
precursor cells at 2 days, followed by a significant decrease at 5 and 21 days in
a rat model of focal brain ischemia, compared to sham control. The study
observed reduced levels of myelin basic protein and of Black Gold lI-stained
white matter at 2 and 5 days, returning to control levels by 21 days. EM
confirmed marked demyelination at 5 days, with spontaneous remyelination
approaching control levels at 21 days after brain ischemia. The authors
concluded that a spontaneous oligodendrocyte remyelination mechanism
occurs between 5 and 21 days after brain ischemia, potentially explaining
the recovery of sensorimotor function from initial deficits in rodents after
brain ischemia [142].

Autophagy plays a key role in adult oligodendrocyte function, particularly
in modifying myelin wraps [145]. The importance of this process in stroke
recovery is highlighted by studies showing that genetic deletion of Atg5 in
oligodendrocytes impairs functional recovery after brain ischemia [146].
Moreover, autophagy inhibition reduces both the number and length of
myelin segments on axons [147]. Emerging evidence suggests that autopha-
gic activity in oligodendrocytes may be key to understanding white matter
injury and remyelination processes after brain ischemia [148,149]. However,
the detailed investigations into autophagy pathway components and their
regulations in oligodendrocytes after brain ischemia remain limited, high-
lighting a significant area of future research.

Autophagy may be involved in astrocyte proliferation, but current under-
standing is limited in stroke animal models [150-152]. Most in vivo studies of
astrocyte autophagy use relatively non-specific inhibitors, making it challen-
ging to draw definitive conclusions. As a result, the role of astrocyte autop-
hagy after brain ischemia in animal models remains to be defined [153].

Concluding remarks

Information accumulated through many years of autophagy research has
provided a broader understanding of the entire autophagy process in neu-
rological diseases, including brain ischemia. However, significant knowledge
gaps still exist. The regulations of cell-specific autophagy and organelle-
specific autophagy after brain ischemia remain only partially understood.
Furthermore, our knowledge regarding relationships between autophagic
activity and other cell injury pathways after brain ischemia is limited.
Neurons require exceptionally high levels of autophagic activity to
maintain their homeostasis because of numerous neuronal processes.
A typical neuron has about 7,000 distal synaptic connections to other
neurons [154]. Reduction of the lysosomal acidification with the
V-ATPase inhibitor bafilomycin A1 leads to a build-up of APs
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exclusively within the neuronal soma region, suggesting that the diges-
tive lysosomal structures are mainly located in regions near the neuro-
nal soma [155-159]. This is consistent with observations of cathepsins
and LAMP1/2 immunoreactivities being predominantly located in the
neuronal soma region in non-ischemic neurons, which dramatically
increase post—ischemia [5,91,93]. Accumulating evidence suggests that
autophagic cargo-loaded structures from these thousands of synaptic
connections may need to be transported from the remote site of the
processes to the soma for degradation. Dysfunctional autophagy has
been observed in neurons across a variety of neurological disorders,
including stroke, traumatic brain injury, Alzheimer disease, Parkinson
disease, Huntington disease, and amyotrophic lateral sclerosis [160].
Notably, lysosomal storage disorders also favorably affect neurons
[94-96]. Understanding the details of autophagic flux changes after
brain ischemia and across neurological diseases is crucial for develop-
ing therapeutic strategies against autophagy-related brain injuries.

While changes in autophagic flux occur in both neuronal and non-
neuronal cells after brain ischemia, current studies of non-neuronal cell
autophagy are relatively limited but highly relevant to neurological
function recovery. Studies have shown that autophagy deficiency in
specific non-neuronal cells can significantly impact the recovery of
neurological function after brain ischemia [135,146]. These studies pro-
vide strong evidence that autophagic activities in non-neuronal cell
types are required for the recovery after brain ischemia, emphasizing
the necessity for further in-depth studies in this area.

General autophagy enhancement, such as via rapamycin treatment
might not be an effective therapeutic strategy and has potential for
harm in pathological conditions, as it broadly induces autophagy via
mTOR inhibition. In the setting of brain ischemia, a more attractive treat-
ment strategy would specifically target and correct the defect in autopha-
gic flux rather than simply broadly enhance autophagy. For example,
inactivation of NSF ATPase may be a critical defective step within the
entire autophagy pathway resulting in interruption of endolysosomal traf-
ficking and build-up of toxic, damaged organelles and protein aggregates
in post-ischemic neurons [5,90,91]. Furthermore, cell-specific autophagic
flux enhancement might also be considered when developing therapeutic
strategy in pathological conditions. For example, phagocyte-specific
autophagic flux enhancement might be a double-edge sword: eliminating
damaged cellular structures and debris to maintain tissue homeostasis,
whereas the over-enhancement might lead to collateral removal of sal-
vageable cells. Therefore, a complete understanding of the autophagy
pathway, and its defects in the setting of pathological conditions, such
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as cerebral ischemia, is necessary to guide the development of better
treatment strategies.
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