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Ischemia-induced upregulation of autophagy preludes dysfunctional lysosomal
storage and associated synaptic impairments in neurons
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ABSTRACT

Macroautophagy/autophagy is vital for neuronal homeostasis and functions. Accumulating evidence
suggest that autophagy is impaired during cerebral ischemia, contributing to neuronal dysfunction and
neurodegeneration. However, the outcomes after transient modification in autophagy machinery are
not fully understood. This study investigated the effects of ischemic stress on autophagy and synaptic
structures using a rat model of oxygen-glucose deprivation (OGD) in hippocampal neurons and a mouse
model of middle cerebral artery occlusion (MCAOQ). Upon acute ischemia, an initial autophagy modifica-
tion occurred in an upregulation manner. Following, the number of lysosomes increased, as well as
lysosomal volume, indicating dysfunctional lysosomal storage. These changes were prevented by
inhibiting autophagy via 3-methyladenine (3-MA) treatment or ATG7 (autophagy related 7) knockdown,
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or were mimicked by rapamycin (RAPA), a known activator of autophagy. This suggests that dysfunc- synaptic plasticity

tional lysosomal storage is associated with the early burst of autophagy. Dysfunctional lysosomal
storage contributed to autophagy dysfunction because the basal level of MTOR-dependent lysosomal
biogenesis in the reperfusion was not sufficient to clear undegraded cargoes after transient autophagy
upregulation. Further investigation revealed that impairment of synaptic ultra-structures, accompanied
by dysfunctional lysosomal storage, may result from a failure in dynamic turnover of synaptic proteins.
This indicates a vital role of autophagy-lysosomal machinery in the maintenance of synaptic structures.
This study supports previous evidence that dysfunctional lysosomal storage may occur following the
upregulation of autophagy in neurons. Appropriate autophagosome-lysosomal functioning is vital for
maintenance of neuronal synaptic function and impacts more than the few known synaptic proteins.

Abbreviations: 3-MA: 3-methyladenine; ACTB: actin beta; AD: Alzheimer disease; ALR: autophagic
lysosome reformation; ATG7: autophagy related 7; CTSB: cathepsin B; CTSD: cathepsin D; DAPI: 4',6-dia-
midino-2-phenylindole; DEGs: differentially expressed genes; DMEM: Dulbecco’s modified Eagle’s med-
ium; DMSO: dimethyl sulfoxide; GO: Gene Ontology; HBSS: Hanks’ balanced salt solution; HPCA:
hippocalcin; i.c.v: intracerebroventricular; KEGG: kyoto encyclopedia of genes and genomes; LAMP1:
lysosomal-associated membrane protein 1; MAP1LC3B/LC3: microtubule-associated protein 1 light chain
3 beta; LSDs: lysosomal storage disorders; MAP2: microtubule-associated protein 2; MCAO: middle
cerebral artery occlusion; mCTSB: mature CTSB; mCTSD: mature CTSD; MOI: multiplicity of infection;
MTOR: mechanistic target of rapamycin kinase; OGD/R: oxygen-glucose deprivation/reoxygenation; PBS:
phosphate-buffered saline; PRKAA/AMPKa: protein kinase AMP-activated catalytic subunit alpha;
proCTSD: pro-cathepsin D; RAPA: rapamycin; RNA-seq: RNA sequencing; RPS6KB/p70S6K: ribosomal
protein S6 kinase; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SIM:
Structured lllumination Microscopy; SNAP25: synaptosomal-associated protein 25; SQSTM1/p62: seques-
tosome 1; SYN1: synapsin I; SYT1: synaptotagmin I; TBST: tris-buffered saline Tween-20; TEM: transmis-
sion electron microscopy; TFEB: transcription factor EB; tMCAO: transient middle cerebral artery
occlusion; TTC: 2,3,5-triphenyltetrazolium chloride; TUBB3: tubulin, beta 3 class Ill.

Introduction

Strokes remain the second leading cause of death and primary
cause of disability in adults globally [1]. With limited ther-
apeutic strategies, ischemic stroke is still an urgent disease
requiring investigation. Therapeutic strategies against
ischemic stroke usually include restoring blood flow and

increasing the resilience of cerebral cells to ischemic injury
[2]. There are many processes involved in ischemic stress,
including oxidative stress, inflammatory reactions, apoptosis,
blood-brain barrier injuries, ionic imbalance, and autophagy
[3]. Among these, autophagy has been known for years to
contribute to cerebral ischemia and has been identified as an
important therapeutic target to protect against cerebral
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damage during ischemia/reperfusion insults [4,5]. Therefore,
autophagy dysfunction that occurs during ischemia has
become a topic of focus. The proper activation of autophagy
is beneficial for cellular survival to maintain energy and cel-
lular homeostasis under ischemic stress conditions. However,
excessive or prolonged autophagy activation induces neuronal
necroptosis and apoptosis [6]. Upregulation or suppression of
autophagy has been shown to improve ischemic injuries [7],
suggesting that autophagy dysfunction is a promising stroke
treatment target. Moreover, most studies emphasize the role
of autophagy in ischemic stroke and attribute ischemic injury
to impaired autophagy. Some studies suggest that autophagy
dysfunction is transient. Therefore, concomitant changes that
follow its early changes of autophagy-lysosomal machinery
may be more important. However, this has not been investi-
gated sufficiently. A better understanding of the role of auto-
phagy in ischemia, including the transient upregulation/
suppression of autophagy and the subsequent changes, will
provide insights for the management and treatment of
ischemic stroke, especially for patients outside of the stroke
therapeutic window.

Autophagy is an evolutionarily conserved intercellular pro-
cess for the degradation and recycling of cellular materials via
the lysosomal pathway. The autophagy process is usually
divided into five stages [8], including nucleation of the pha-
gophore membrane, expansion, phagophore closure, fusion
between autophagosomes and multivesicular endosomes or
lysosomes, and degradation of autophagosome contents
[9,10]. Disruption at any stage in this process, such as lyso-
somal dysfunction, causes autophagy dysfunction [11].
Although increasing evidence shows that ischemia-
reperfusion injury leads to the upregulation of autophagy,
the influenced exact stage of autophagy machinery in
ischemic/reperfusion injury remains unknown [12]. In neu-
rons, autophagy is upregulated during some stress conditions,
such as decreased neuronal activity, sensory deprivation, and
neurotrophic factor deficiency [13]. Reduced autophagy in the
brains of patients with autism is associated with an accumula-
tion of ubiquitinated proteins and a redundant increase in
dendritic spine density [14]. Additionally, abnormal autopha-
gy levels are associated with neurodegenerative diseases, such
as Parkinson disease (PD) and Alzheimer disease (AD)
[15,16]. However, impaired autophagy-lysosomal function
has seldom been reported in chronic neurodegenerative
diseases.

Lysosomes are vital for autophagy machinery, and main-
tenance of lysosomal functions is important for cellular
hemostasis. Lysosomal storage disorders (LSDs) have been
observed in up to 39 distinct genetic diseases, including neu-
rodegenerative disorders, and there are few potential treat-
ments available [17,18]. Each of these diseases is caused by
a deficiency in a particular lysosomal protein or non-
lysosomal protein associated with lysosomal biogenesis [19].
The accumulation of lysosomal cargoes and subsequent neu-
rodegeneration are hallmarks of LSDs that influence cerebral
functions [20]. To date, emphasis has been placed on the
genetic sources of LSDs. However, to our knowledge, there
are still no reports on functional lysosomal storage in

ischemic injury. Furthermore, there have been few reports
about subsequent events after initial autophagy dysfunction,
such as the influence of the formation of autophagosomes on
lysosome biogenesis and functioning, although these pro-
cesses share common regulatory molecules [21].

Herein, we sought to study the role of autophagy and
lysosomal storage in ischemic stroke. To address this aim,
we used a rat model of hippocampal neuron ischemia,
a mouse model of middle cerebral artery occlusion
(MCAO), and ultra-structural analyses of downstream phy-
siological processes after autophagy upregulation during
ischemia. Transient upregulation of autophagy by ischemic
insult caused a significant increase in lysosomal storage fol-
lowing reperfusion, which resulted in autophagy dysfunction
by impairing the degradation. The autophagy-induced
increase in lysosomal storage indicates that autophagy dys-
function sustained in the neurons features different synaptic
phenotypes. One-third of stroke patients exhibit significant
cognitive decline in addition to physical disability [22,23] and
accompanying changes in synaptic morphological character-
istics have been observed. In this study, functional lysosomal
storage accompanied by synaptic dysfunction after ischemic
stress occurred. These results will advance our understanding
of ischemia-induced autophagy dysfunction and the genetics
of LSDs based on their similar characteristics.

Results

OGD-induced autophagy upregulation precedes a
long-term increase in LAMP1 protein levels

To address the changes of autophagy in different stages of
ischemic stress, autophagy levels in rat hippocampal neurons
were evaluated by assessing the conversion of the autophagy
marker MAPILC3-II to LC3-I (microtubule-associated protein
1 light chain 3 beta) and the protein levels of SQSTM1/p62
(sequestosome 1) by western blot at different time points dur-
ing OGD and subsequent reperfusion (Figure 1A). The LC3-II:
LC3-I ratio increased after 1 h of OGD (Figure 1A and B), but
returned to basal levels following reperfusion, indicating that
the increase of autophagy was transient. Furthermore, the
SQSTML1 protein level increased significantly after 24 h of
reperfusion, indicating a potential impairment of autophagic
flux (Figure 1A and C). Because lysosomes are vital for auto-
phagy, we evaluated the protein levels of lysosomal marker
LAMP1 (lysosomal-associated membrane protein 1) to assess
whether downstream autophagy processes are also disrupted.
Notably, the LAMP1 protein level began to increase from 4 h of
reperfusion to 24 h (Figure 1A and D).

Because autophagic flux was disrupted in ischemia-
reperfusion injury producing a concomitant increase in lyso-
somal marker protein accumulation, we next sought to deter-
mine if the lysosomal degradation process is disrupted.
Therefore, we analyzed the levels of lysosomal proteases dur-
ing ischemia and reperfusion. The degradation of cargoes
within autolysosomes depends on a family of lysosomal pro-
teases named cathepsins, including the cysteine proteinases
CTSB (cathepsin B), CTSF, and CTSL, and the aspartyl
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Figure 1. Autophagic dysfunction is transiently induced by OGD insult, and a prolonged increase in LAMP1 expression occurs during the subsequent reperfusion. (A)
Representative western blots showing the LC3-1:LC3-I ratio and the expression of SQSTM1, LAMP1, mCTSB, proCTSD, and mCTSD under the indicated treatment
conditions. (B-F) The analysis results of LC3-I:LC3-| ratio, SQSTM1, LAMP1, mCTSB, and proCTSD and mCTSD in hippocampal neurons cultured under the indicated
conditions. (G) Representative western blots showing the LC3-Il:LC3- ratio and the expression of LAMP1 under different experimental conditions. The neuronal (H) LC3-
1I:LC3-I ratio and (I) LAMP1 level in the indicated groups. ACTB was used as the loading control in these experiments. (B,n=6;C,n=4;,D,n=6;E,n=6;F, n=6; H,
n=3;1,n=5;*p < 0.05, **p < 0.01 or ***p < 0.001 vs. the normoxia group; *p < 0.05, *p < 0.01, or **p < 0.001 vs. the 1-h OGD group). Statistical comparisons were

carried out with one-way ANOVA. Data are shown as the mean + SEM.

protease CTSD. As previously reported, CTSD deficiency or
CTSB and cathepsin L double-deficiency leads to a strong
blockage of autophagic flux [24]. First, we examined the
protein levels of mCTSB (mature cathepsin B) (Figure 1A
and E), proCTSD (pro-cathepsin D) (Figure 1A and F), and
mCTSD (mature cathepsin D) (Figure 1A and F). When
ACTB and TUBB were used as the loading control based on
the molecular weight of target proteins, there were no distinct
differences among the experimental groups. Furthermore,
when the reperfusion duration was prolonged to 96 h
(Figure 1G), LC3-II levels remained stable (Figure 1G and
H). Additionally, the protein levels of LAMPI remained
increased throughout this prolonged reperfusion duration
(Figure 1G and I). In summary, the prolonged increase in
LAMP1 protein levels indicates that there may be a significant
lysosome-associated dysfunction during reperfusion.

Lysosomal enzyme dysfunction induces impairment of
lysosomal function

Because lysosomes are vital executors of cellular component
degradation, we next investigated the underlying mechanism

of the long-lasting lysosome-associated dysfunction following
a transient upregulation in autophagy during reperfusion.
Based on the increase in LAMP1 protein expression, we
further explored whether this phenomenon is related to mor-
phological changes of lysosomes. We created three groups
representing three time points of interest: the normoxia
group, the 1-h OGD group, and the 1-h OGD/24-h R group,
and we acquired LAMP1 and MAP2 (microtubule-associated
protein 2) images by structured illumination microscopy
(SIM) to address the lysosomes in the cytoplasm of neurons
(Figure 2A). MAP2-positive puncta were used to assess cell
size, and the quantity of LAMP1-positive puncta per unit area
in the neuronal cytoplasm was analyzed. There were signifi-
cantly more LAMPI-positive puncta in neurons of the
1-h OGD/24-h R group than the other two groups (Figure
2B), which again suggested an accumulation of lysosomes.
Our above results (Figure 1A, E, and F) showed that the
expression levels of mCTSB, proCTSD, and mCTSD did not
change in coordination with the LAMP1 levels, even though
their expression should align under physiological conditions.
Therefore, the protein levels of mCTSB, proCTSD, and
mCTSD were normalized to the expression of LAMP1 as the
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Figure 2. During reperfusion, lysosomal dysfunction may result from reduced CTSD activity. (A) LAMP1-positive puncta in the indicated groups were observed with
SIM; scale bar: 5 um. (B) The number of LAMP1-positive puncta per um? in the cytoplasm. (C-E) Representative images and analysis of western blots of LAMP1,
mCTSB, proCTSD, and mCTSD in the indicated groups. (F and G) The enzymatic activity of CTSD in the neurons was evaluated with a Fluorometric Assay Kit from
Abcam. N1-N4 indicated the number of replicated times. The enzymatic activities of CTSD were normalized to those of normoxia as the ratio (0-150). (B, n = 12;
Dand E, n = 4; G, n =4 *p < 0.05, ***p < 0.001 vs. the normoxia group; *p < 0.05, *p < 0.001 vs. the 1-h OGD group). Statistical comparisons were carried out
with one-way ANOVA. Data are shown as the mean + SEM. For Quantitative analysis of western blots of LAMP1, see Figure S1.



loading control and compared among the three groups
(Figure 2C and Fig. S1). The relative expression of mCTSB
(Figure 2C and D) and proCTSD (Figure 2C and E) were
markedly lower in the 1-h OGD/24-h R group than in the
other two groups, suggesting lysosomal dysfunction. Due to
the similar relative decrease in CTSD protein levels, we exam-
ined the enzymatic activity of CTSD and lysosomal accumula-
tion by evaluating the relative enzymatic activities of CTSD
under different experimental conditions (Figure 2F). Notably,
CTSD activity in neurons was significantly increased in the
1-h OGD group, but was lower in the 1-h OGD/24-h R group
compared to the normoxia group or the 1-h OGD group
(Figure 2G), indicating the occurrence of lysosomal dysfunc-
tion. In summary, the impaired lysosomal enzyme activity
resulted in lysosomal dysfunction.

Dysfunctional lysosomal storage, characterized by
increased lysosome volume and impaired autolysosomal
degradation, occurs during reperfusion

Because LAMP1 is used to screen neonates for genetic LSDs
[25] and CTSD dysfunction was observed during reperfusion
(Figure 2), we next examined lysosomal storage during reper-
fusion following ischemic insult. To evaluate the autophago-
somes and lysosomes simultaneously, we transfected cultured
hippocampal neurons with lenti-EGFP-LC3, counterstained
them with LysoTracker, and performed 3D imaging with
SIM (Figure 3A). To exclude the influence of neuron size,
we compared the percentage of LysoTracker-positive or LC3-
positive puncta in different volumes rather than the absolute
quantity. After 1 h of OGD or 24 h of reperfusion, the
percentage of large LC3-positive puncta (0.1-5 pm’) was
increased (Figure 3B), indicating that the number of autopha-
gosomes was increased. The percentage of LysoTracker-
positive puncta of an increased volume (> 0.5 um’) was also
increased in the 1-h OGD group and the 1-h OGD/24-h
R group, suggesting a potential increase in the number of
acidic organelles, such as lysosomes (Figure 3C).
Furthermore, we evaluated the colocalization of LC3-positive
and LysoTracker-positive puncta (Figure 3D). Compared to
the normoxia group, only the 1-h OGD/24-h R group exhib-
ited significantly higher percentages of completely and par-
tially colocalized LysoTracker- and LC3-positive puncta and
a lower percentage of non-colocalized puncta. As lysosomes
are the main acidic organelles in the cytoplasm, these obser-
vations imply that the degradation capacity of the autophago-
some-lysosomal machinery may be impaired during
reperfusion.

Dysfunctional lysosomal storage disrupts the
housekeeping autophagic machinery

CTSD is one of the major lysosomal proteases required for the
maintenance of cellular proteostasis and functions by
degrading endocytic, phagocytic, and autophagic cargoes.
Normally, CTSD deficiency or dysfunction significantly
impairs the autophagosome-lysosomal machinery [24].
Additionally, enlarged lysosomes are associated with reduced
degradative capacity [26]. Our results suggesting that the
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degradative capacity of lysosomes is impaired during reperfu-
sion led us to speculate that reperfusion is associated with the
occurrence of an LSD, potentially resulting in autophago-
some-lysosomal dysfunction. To assess the autophagosome-
lysosomal machinery, we used transmission electron micro-
scopy (TEM) to investigate the number of autophagosomes,
lysosomes, and autolysosomes in the cytoplasm of neurons
and evaluated the ultra-structure of hippocampal neurons in
the normoxia, 1-h OGD, and 1-h OGD/24-h R groups (Figure
3E). Compared with those in the normoxia group, neurons in
the 1-h OGD group had more autophagosomes and autolyso-
somes in the cytoplasm (Figure 3F), whereas neurons in the
1-h OGD/24-h R group had more lysosomes and autolyso-
somes in the cytoplasm compared to neurons exposed only to
OGD (Figure 3F). The similar quantity of autophagosomes
between neurons in the normoxia group and those in the
1-h OGD/24-h R group again indicated that the degradative
capacity of lysosomes may be impaired during reperfusion,
resulting in lysosome and autolysosome accumulation.

Both pharmacologic and genetic disruption against
OGD-induced autophagy upregulation prevent
dysfunctional lysosomal storage

Because lysosomal accumulation occurred after the transient
increase in autophagy, we questioned whether these processes
are associated. First, the OGD-induced upregulation of auto-
phagy was suppressed by 3-methyladenine (3-MA, 5 mM, Fig.
S2), an inhibitor of autophagy (Figure 4A and B). Treatment
with 3-MA significantly prevented the increase in the LAMP1
level in the 1-h OGD/24-h R group (Figure 4A and C). We
also measured the number of autophagosomes, lysosomes,
and autolysosomes with TEM (Figure 4D). There were
increased numbers of lysosomes and autolysosomes in the
cytoplasm of neurons after 24 h of reperfusion (Figure 4E);
however, 3-MA treatment significantly reduced the number of
lysosomes and autolysosomes, indicating that there is an
association between the transient upregulation in autophagy
and the subsequent accumulation of lysosomes. Finally, the
hippocampal neurons were transfected with lenti-mCherry-
EGFP-LC3 (Fig. S3A). Lenti-mCherry-EGFP-LC3 was used to
differentiate between autophagosomes and autolysosomes.
EGFP (enhanced green fluorescent protein) is acid-sensitive
and will lose its fluorescence when autophagosomes fuse with
lysosomes, which reduces the pH value; whereas, mCherry is
acid-insensitive and positively sustained in both autophago-
somes and autolysosomes. One hour of OGD increased the
number of EGFP™ mCherry” puncta in the cytoplasm of
neurons; however, this increase was suppressed by 3-MA
treatment (Fig. S3B). The percentage of EGFP™ mCherry”
puncta was higher in the 1-h OGD group than in the nor-
moxia group; however, this increase was also blocked by
3-MA treatment (Fig. S3C). Lysosomal accumulation was
observed in neurons of the 1-h OGD/24-h R group, but
3-MA treatment prevented this accumulation (Fig. S3D).

To further explore the effects of early autophagy upregula-
tion on lysosomal accumulation, we knocked down ATG7
(autophagy related 7) with a lenti-shRNA Atg7. The attach-
ment of phosphatidylethanolamine to LC3 by the El-like
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**%p < 0,001 vs. the indicated normoxia group, respectively; **#p < 0.001 vs. the 1-h OGD group; ¥p < 0.05, *¥p < 0.01, ***p < 0.001 vs. the indicated condition
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enzymes that ATG7 contributes to LC3 lipidation is the vital
step for autophagosome formation [27]. ATG7 knockdown
(Fig. S4; Figure 4F and G) suppressed the OGD-induced
increase in the LC3-II:LC3-I ratio (Figure 4F and H).
Notably, ATG7 knockdown also suppressed LAMP1 protein
accumulation in the neurons exposed to OGD and reperfu-
sion (Figure 4F and I). Moreover, TEM images showed more
autophagosomes in the cytoplasm of neurons in the 1-h OGD
group than in the normoxia group (Figure 4] and K), and
more lysosomes and autolysosomes in the cytoplasm of neu-
rons in the 1-h OGD/24-h R group than in the 1-h OGD
group (Figure 4K). However, when ATG7 was knocked down,
the early increase in autophagy did not occur after OGD, nor
did the late accumulation of lysosomes and autolysosomes
after reperfusion. Moreover, 3-MA pretreatment can alleviate
OGD-induced neuronal injuries, and RAPA pretreatment
increased OGD-induced injuries (Fig. S5A and B). As TFEB
(transcription factor EB) is vital for autophagosome formation
and the biogenesis of lysosomes [28,29], to further explore the
basis of lysosomal accumulation, we measured TFEB protein
levels and found them to be reduced by OGD exposure and
increased after 24 h of reperfusion (Fig. S6). TFEB knock-
down (Fig. S7A) before OGD prevented the increase of
LAMP1 (Fig. S7B-E). In summary, these results suggest that
the early increased production of autophagosomes facilitates
late lysosomal accumulation in a TFEB-dependent manner.

RAPA-induced autophagy upregulation is followed by
dysfunctional lysosomal storage

The previous results suggest that OGD-induced autophagy
influences lysosomal biogenesis, function, and accumulation.
To verify this, we used 2 h rapamycin (RAPA, 50 nM) treat-
ment to activate autophagy (Fig. S8) and assessed its effect by
measuring the change in the LC3-II:LC3-I ratio. Two hours of
RAPA treatment successfully induced autophagy, which then
returned to basal level (Figure 5A and B). Similar to OGD
exposure, the increase in autophagy was transient, suggesting
that maintenance of upregulation of autophagy for neurons is
limited. However, in contrast to OGD exposure, 24 h of
reperfusion following RAPA withdrawal resulted in another
increase in autophagy. Notably, LAMP1 protein levels
increased after 24 h of continuous culture following RAPA
withdrawal (Figure 5A and C). To observe the condition of
the autophagosome-lysosomal machinery after RAPA treat-
ment, we used TEM to investigate the number of
autophagosomes, lysosomes, and autolysosomes in the cyto-
plasm of hippocampal neurons under control conditions, after
2 h RAPA exposure, and 2 h RAPA exposure followed by

subsequent culture without RAPA (Figure 5D). The number
of autophagosomes increased significantly after 2 h of RAPA
exposure and returned to basal level during the subsequent
culture period (Figure 5E). The number of lysosomes
increased in the culture period following the removal of
RAPA. The number of autolysosomes increased after RAPA
exposure and further increased in the subsequent reperfusion
period (Figure 5E). Furthermore, RAPA treatment did not
influence CTSD activity, which subsequently decreased after
the removal of RAPA (Figure 5F and G). Based on these
results and the results shown in Figure 4 and Figure 5, we
propose that the transient increase in autophagy is the onset
of the autophagosomal-lysosomal dysfunction, including lyso-
somal activity and storage dysfunction.

The effects of autophagy and lysosome dysfunction on
synaptic plasticity during reperfusion are similar to those
of genetic LSDs

The lysosomal dysfunction characteristics in the reperfusion
period, including lysosome accumulation, enlargement, and
dysfunction, are indicative of dysfunctional lysosomal storage.
In genetic LSDs, defects in lysosomal degradation cause pro-
gressive lysosomal dysfunction and neurodegeneration; there-
fore, next we sought to explore the significance of
dysfunctional lysosomal storage on synaptic function and
autophagic machinery during reperfusion. To this end, we
evaluated the architecture of synaptic terminals in hippocam-
pal neurons under the 1 h OGD and 1 h OGD/24 h R using
TEM ultra-structure analysis (Figure 6A). The number of
autophagosomes in the neuronal processes increased signifi-
cantly after 24 h of reperfusion (Figure 6B). Furthermore, the
number of autolysosomes in neuronal processes increased
significantly after 1 h of OGD and further increased after
24 h of reperfusion (Figure 6B). Again, the accumulation of
autophagosomes and autolysosomes in these neuronal pro-
cesses suggested that the autophagosome-lysosomal machin-
ery was impaired and that synaptic functions may be
influenced by autophagosome-lysosomal dysregulation. Next,
we found that the inhibition of early autophagy activation
with 3-MA prevented the accumulation of both autolyso-
somes and lysosomes (Figure 6C and D). Notably, autophago-
somes still accumulated in the neuronal processes during
reperfusion (Figure 6D), again indicating that the impairment
in autophagic flux results from lysosomal dysfunction.
However, RAPA exposure (Figure 6E) resulted in a greater
increase in autolysosomes after 24 h reperfusion than after 1 h
OGD (Figure 6F), partially mimicking the effects of OGD
exposure.

without 3-MA). (F-I) Representative western blots and quantitative analysis of ATG7, LC3, and LAMP1 in the indicated groups. ACTB was used as the loading control.
(J and K) The numbers of autophagosomes, lysosomes, and autolysosomes in the indicated groups were evaluated with TEM. Scale bar: 1 pm. NC: negative control. N:
nucleus. Blue, yellow, or red arrowheads indicate representative autophagosomes, autolysosomes, or lysosomes, respectively (G, H and |, n = 3; K, NC+normoxia,
n =9; NC+1-h OGD, n = 15; NC+1-h OGD/24-h R, n = 20; shRNA Atg7+normoxia, n = 12; shRNA Atg7+1-h OGD, n = 13; shRNA Atg7+1-h OGD/24-h R, n = 17; G, H,
I and K, *p < 0.05, ***p < 0.001 vs. the NC+normoxia group; “p < 0.05 or **p < 0.001 vs. the NC+1-h OGD group; **p < 0.01 or ¥%p < 0.001 vs. the indicated
condition with NC). Statistical comparisons were carried out with one-way ANOVA. Data are shown as the mean + SEM.
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Figure 5. RAPA-induced autophagy upregulation is followed by lysosomal accumulation in the subsequent culture without RAPA. (A-C) Representative western blots
and the quantitative analysis of LC3 and LAMP1 in the indicated groups. ACTB was used as the loading control. (D and E) Representative TEM images and the
quantitative analysis of autophagosomes, lysosomes, and autolysosomes in the indicated groups. N: nucleus; scale bar: 1 um. (F and G) The enzymatic activity of
CTSD in the indicated groups was evaluated with a Fluorometric Assay Kit from Abcam. N1-N6 indicated that this experiment was replicated 6 times. The activities of
enzymatic activity of CTSD were normalized to those of normoxia and shown as the ratio (0-150). Blue, yellow, or red arrowheads indicate representative
autophagosomes, autolysosomes, or lysosomes, respectively. (B, n = 5; C, n = 6; E, control, n = 24; 2 h RAPA, n = 34; 2 h RAPA (-)/12 h R, n = 38; 2 h RAPA (-)/24 h R,

n =35;G, n=6; *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group; ##p < 0.0

with one-way ANOVA. Data are shown as the mean + SEM.

The average size of synaptic vesicles of the readily releasa-
ble pool (RRP) and thickness of the postsynaptic density
(PSD) were significantly lower, and synaptic space width
was increased in the 1-h OGD/24-h R groups compared to
the normoxia group (Fig. S9A-D). However, postsynaptic
membrane length was decreased only after OGD exposure.
Notably, the average postsynaptic membrane length in the
24 h reperfusion group was significantly greater than that in
the 1-h OGD group (Fig. S9E). Structural changes of synaptic
sites in hippocampal neurons normally occur at the onset of
a worsening phenotype and are concomitant with lysosomal
enlargement, which is characteristic of overt lysosomal dys-
function [30-33]. Because of the effect of the observed

i
1,

p < 0.001 vs. the 2 h RAPA group). Statistical comparisons were carried out

lysosomal dysfunction on synaptic structure and synaptic
function, we examined the ultra-structural changes in the
synaptic machinery to identify the relevant structures
impacted by the lysosomal dysfunction. Here, TEM analysis
showed structural alterations at synaptic sites similar to those
observed with lysosomal-dysfunction-associated neurodegen-
eration. Considering that ischemic conditions are associated
with many stressors, we blocked the lysosomal dysfunction in
hippocampal neurons by suppressing the initial upregulation
of autophagy via 3-MA treatment to test which synaptic
dysfunction phenotype is primarily associated with lysosomal
dysfunction. Along with the reduction in lysosome accumula-
tion, the inhibition of OGD-induced autophagy via 3-MA
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Figure 6. Hippocampal neuronal processes show dysfunctional autophagy after OGD and subsequent reperfusion, which can be disrupted by 3-MA pretreatment and
mimicked by RAPA treatment. (A and B) Representative TEM images and quantitative analysis of the autophagosomes, lysosomes, and autolysosomes in neuronal
processes after normoxia, OGD, or OGD/reperfusion treatment (n = 45, *p < 0.05, ***p < 0.001 vs. the normoxia group; mp < 0.001 vs. the 1-h OGD group). (C and D)
Representative TEM images and quantitative analysis of the number of autophagosomes, lysosomes, and autolysosomes in neuronal processes in the indicated
groups (normoxia, n = 36; 1-h OGD/24-h R, n = 21; 3-MA+normoxia, n = 34; 3-MA+1-h OGD/24-h R, n = 38; ***p < 0.001 vs. the normoxia group; Mp < 0.001 vs. the
3-MA+normoxia group). (E and F) Representative TEM images and quantitative analysis of the number of the autophagosomes, lysosomes, and autolysosomes in the
neuronal processes exposed to RAPA (control, n = 47; 2 h RAPA, n = 80; 2 h RAPA (-)/24 h R, n = 31; *p < 0.05, ***p < 0.001 vs. the control group; #”p < 0.01 vs. the
RAPA group); scale bar: 1 um. Blue, yellow, or red arrowheads indicate representative autophagosomes, autolysosomes, or lysosomes, respectively. Statistical
comparisons were carried out with one-way ANOVA. Data are shown as the mean + SEM.



treatment (Figure 7B) prevented the decrease in RRP size and
PSD thickness, and increase in synaptic space width (Figure
7C-E). However, there was no significant difference in post-
synaptic membrane length among the experimental groups
(Figure 7F). Moreover, 2 h RAPA treatment followed by
subculturing produced ultra-structural changes in synaptic
structures (Figure 7G). RRP size and PSD thickness were
reduced after 2 h RAPA treatment and after 2 h RAPA
treatment followed by 24 h of reperfusion (Figure 7H and
I). Similar to OGD exposure, RAPA treatment produced an
increase in synaptic space width (Figure 7]). Similar to 1 h
OGD followed by 24 h reperfusion, RAPA treatment had no
effect on postsynaptic membrane length (Figure 7K). Because
the ultra-structural changes in synaptic structures followed
those of autophagic impairment, it can be concluded that
synaptic dysfunction was the inevitable consequence of autop-
hagic dysfunction in neurons.

The dysfunction in turnover of synaptic proteins may
contribute to the impairment in synaptic plasticity during
reperfusion

To explore the possible mechanisms contributing to synaptic
dysfunction in reperfusion, RNA sequencing was performed
to investigate the differentially expressed genes (DEGs). Using
the Kyoto Encyclopedia of Genes and Genomes (KEGG),
Gene Ontology (GO) and pathway enrichment analyses were
carried out to determine the functions and pathways of DEGs.
We gathered 214 differentially expressed mRNAs in hippo-
campal neurons between the 1-h OGD and normoxia groups,
and 251 differentially expressed mRNAs between the
1-h OGD/24-h R and normoxia groups. Among these, 98
DEGs were determined to be involved in the functions of
the nervous system. Moreover, KEGG and GO analyses indi-
cate these DEGs are greatly enriched in several biological
processes and pathways. A functional pathway cluster analysis
using the Clusters of Orthologous Groups (COG) database
was performed and most neuronal DEGs were associated with
long-term potentiation, long-term depression, and Alzheimer
disease (Figure 8A). In addition, the related biological pro-
cesses mainly include synaptic vesicle membranes, exocytic
vesicle membranes, excitatory synapses, and the axon termi-
nus (Figure 8B). Of note, these pathways and processes sug-
gest these DEGs are closely related to synaptic plasticity. In
addition, there are many plasticity-associated DEGs in the
neurons after 1-h OGD/24-h R, such as Snap25 (synaptoso-
mal-associated protein 25), Sytl (synaptotagmin I), Synl
(synapsin I), Hpca (hippocalcin), and Tubb3 (tubulin, beta 3
class III) (Figure 8C).

Synapses must maintain a balance between protein bio-
synthesis and degradation for homeostasis and synaptic plas-
ticity [34]. The disruption of proteostasis, a cellular network
determining protein life from synthesis to degradation, will
lead to the deterioration of functions and ultra-structures
[35]. Synaptic homeostasis depends on efficient autophagy
function for the turnover of synaptic proteins [36,37]. To
further explore the results of RNA sequencing and the mole-
cular basis of the aforementioned impairment in synaptic
ultra-structures, several synaptic proteins implied by RNA
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sequencing were evaluated for their expression level in the
hippocampal neurons of the experimental groups. Western
blot assays showed that SYNI1, SYT1, TUBB3, SNAP25 and
HPCA were significantly down-regulated in hippocampal
neurons during 1-h OGD/24-h R compared to those of the
normoxia group (Figure 8D-I). These results were consistent
with the RNA sequencing of these 5 genes (Figure 8C).
Similarly, reperfusion following RAPA withdrawal resulted
in the downregulation of SYN1, SYT1, TUBB3 and SNAP25
(Figure 8]-N). Based on the lysosomal dysfunction, down-
regulated synaptic proteins and sequential occurrence of dis-
ruption of proteostasis after transient upregulated autophagy,
it can be concluded that the autophagy-dependent impair-
ment in the dynamic turnover of synaptic proteins may be
responsible for the ultra-structural changes at synaptic sites.

LAMP1 accumulation and impaired synaptic
ultra-structures occurred after acute ischemia in MCAO
mice

We observed significant autophagic dysfunction in synaptic
ultra-structures in cultured hippocampal neurons after OGD
exposure. Therefore, we wondered what would happen in vivo
in an ischemic mouse model. Transient middle cerebral artery
occlusion (tMCAO)-induced focal cerebral ischemia was per-
formed as 1 h occlusion and 6 h (tMCAO-Rep 6 h) or 72 h
reperfusion (tMCAO-Rep 72 h) (Figure 9A), which was
assessed by the infarct volume, cerebral edema of the ischemic
cortex, and neurobehavioral scores (Figure 9B-D). The infarct
volume increased significantly after tMCAO-Rep 6 h; more-
over, the neurobehavioral scores increased both after
tMCAO-Rep 6 h and tMCAO-Rep 72 h. Furthermore, the
LC3-IL.LC3-I ratio and LAMPI protein levels were analyzed
with western blot assays in the contralateral and ipsilateral
cortex (Figure 9E). Both the LC3-II:LC3-I ratio and the levels
of LAMP1 were not influenced in the sham group mice
(Figure 9F and G). However, the LC3-II:LC3-I ratio increased
in the ipsilateral cortex of the MCAO mice upon tMCAO-Rep
6 h compared to that of the contralateral cortex (Figure 9F).
The levels of LAMPI increased significantly in the ipsilateral
cortex of tMCAO-Rep 72 h mice (Figure 9G). Moreover, the
ultra-structures in cytoplasm of the cortex of MCAO mice
were evaluated with TEM assays (Figure 9H). The number of
autophagosomes in the cytoplasm increased distinctively
upon tMCAO-Rep 6 h; however, the number of lysosomes
and autolysosomes in the cytoplasm increased distinctively
upon tMCAO-Rep 72 h (Figure 9I), which were consistent
with the results from the western blot assays.

We then asked whether in vivo upregulated autophagy is
the onset of the subsequent lysosomal accumulation. After
intracerebroventricular (i.c.v) injection of 3-MA, the infarct
volume, cerebral edema, and the neurobehavioral scores in
the contralateral cortex and ipsilateral cortex were compared
(Figure 10A-D). The infarct volume and the neurobehavioral
scores upon tMCAO-Rep 6 h were salvaged against insults in
the duration of reperfusion by 3-MA. Furthermore, the LC3-
II:LC3-I ratio and LAMP1 protein levels were evaluated with
western blot assay with or without 3-MA pretreatment (Figure
10E-G). After the transient upregulation of autophagy (Figure
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Figure 7. Synaptic structures are altered after 1 h OGD/24 h reperfusion; these changes are prevented by 3-MA treatment and partially mimicked by RAPA treatment.
(A) lllustration of healthy synaptic structure under normoxic condition. (B) Representative TEM images showing the synapses of neurons in the indicated groups with
or without 3-MA. RRP size (C), PSD thickness (D), synaptic space width (E), and postsynaptic membrane length (F) in the neurons were evaluated in the indicated
groups (normoxia, n = 31; 1-h OGD/24-h R, n = 24; 3-MA+normoxia, n = 19; 3-MA+1-h OGD/24-h R, n = 31; ***p < 0.001 vs. the normoxia group; &p < 0.05,
&p < 0.01, &&&p < 0.001 vs. 1-h OGD/24-h R without 3-MA). (G) Representative TEM images showing the synapses of neurons exposed to RAPA treatment. (H) RRP
size, (1) PSD thickness, (J) synaptic space width, and (K) postsynaptic membrane length in the neurons were evaluated in the indicated groups (control, n = 27; 2 h
RAPA, n = 21; 2 h RAPA (-)/24 h R, n = 19; **p < 0.01, ***p < 0.001 vs. the control group); scale bar: 1 um. Red arrowheads indicate representative synapses.
Statistical comparisons were carried out with one-way ANOVA. Data are shown as the mean + SEM.

10F), the following lysosomal accumulation was significantly of lysosomes and autolysosomes were reduced correspond-
alleviated (Figure 10G). In addition, the ultra-structures in the ingly (Fig. S10). Moreover, the synaptic ultra-structures in the
cytoplasm of the cortex of MCAO mice were assessed with cortex of sham and MCAO mice was assessed with TEM
TEM assays (Figure 10H). After the increased number of assays (Fig. S11A). Synaptic space width increased and PSD
autophagososomes was reduced by 3-MA, both the number thickness decreased significantly after both tMCAO-Rep 6 h
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Figure 8. The turnover of synaptic proteins is impaired after 1 h OGD/24 h reperfusion; these changes are partially mimicked by RAPA treatment. (A) Heat map of key
KEGG pathways of the DEGs in the indicated groups. The rows are samples in different groups and the columns are the KEGG pathways. N1-N3 indicated the number
of replicated times. (B) Results of GO enrichment analysis of DEGs are presented in the indicated groups. Abscissa is the enriched GO, and ordinate is the number and
ratio of DEGs. Different colors indicate different GO classes, namely molecular function, biological process, and cellular component. (C) Heat map of the selected 98
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DEGs in the indicated groups. Each row indicates a sample and each column a gene. Red represents upregulated genes and blue downregulated ones. (D-I)
Representative western blots and quantitative analysis of SYN1, SYT1, TUBB3, SNAP25 and HPCA in the indicated groups (E, n =10;F, n=9,G n=5;H,n=5;1,
n = 3; *p < 0.05, **p < 0.01, **p < 0.001 vs the normoxia group; *p < 0.05, *p < 0.01, **p < 0.001 vs 1-h OGD group). (J-N) Representative western blots and
quantitative analysis of SYN1, SYT1, TUBB3 and SNAP25 in neurons after RAPA treatment or after the subsequent culture without RAPA (K, n=6;L,n=4,M,n=5; N,
n=>5; *p < 0.05, **p < 0.01, ***p < 0.001 vs the control group; *p < 0.01, **p < 0.001 vs rapa group). ACTB was used as the loading control. Statistical comparisons
were carried out with paired t-tests in the DEGs selected experiment, and with one-way ANOVA in the western blotting experiment. Data are shown as the mean +

SEM.

and tMCAO-Rep 72 h, and RRP size decreased only after
tMCAO-Rep 72 h (Fig. S11B-D). Meanwhile, there is no
significant difference in the postsynaptic membrane length
between different groups (Fig. S11E). Furthermore, PSD
thickness reversed to the basal level after the 3-MA pretreat-
ment (Fig. S11C). This phenomenon was similar to what
occurred in the in vitro experiments, indicating that
dysfunctional lysosomal storage and associated synaptic dys-
function are common after both in vivo and in vitro ischemia.

Lysosomal dysfunction in reperfusion may result from
unmatched activation levels of MTOR with increased
requirements for lysosome-dependent degradation

In response to ischemic stress, MTOR is inhibited, resulting in
the induction of autophagy [38]. MTOR (mechanistic target
of rapamycin kinase) is usually reactivated after prolonged
stimulation. Autophagic lysosome reformation (ALR), a vital
process for maintaining lysosome homeostasis, depends on
MTOR reactivation, wherein autolysosome tubulation occurs
and increases vesicles that finally develop into functional
lysosomes [39]. To explore the possible mechanisms contri-
buting to dysfunctional lysosomal storage, relative levels of
PRKAA/AMPKa (protein kinase AMP-activated catalytic sub-
unit alpha), phospho-PRKAA (p-PRKAA), RPS6KB/p70S6K
(ribosomal protein S6 kinase), and phospho-RPS6KB
(p-RPS6KB) were evaluated with western blot assays (Figure
11A). It is well-known that p-RPS6KB levels are phosphory-
lated by the rapamycin-sensitive MTORC1 (MTOR com-
plex 1), responsible for regulating autophagy [40]. In
addition, it is postulated that PRKAA stimulates autophagy
by suppressing the activation of MTORCI [41]. Thus, in the
current study, the phosphorylated levels of PRKAA and
RPS6KB were investigated for activating levels of MTOR.
The phosphorylated levels of RPS6KB depend on the activa-
tion levels of MTOR. p-PRKAA levels were increased and
p-RPS6KB levels were reduced by OGD insults (Figure 11B
and C). The phosphorylated levels of PRKAA and RPS6KB
returned to basal levels in the subsequent 24 h reperfusion.
3-MA-pretreatment salvaged phosphorylated levels of
RPS6KB increased with OGD, but not those of PRKAA
(Figure 11B and C). Similar phenomenon was observed after
the intervention of autophagy with Atg7 shRNAs (Figure
11D-F). Furthermore, the phosphorylated levels of PRKAA
and RPS6KB were assessed with western blot assay in
tMCAO-Rep 6 h and tMCAO-Rep 72 h mice (Figure 11G).
p-PRKAA levels were increased and p-RPS6KB levels were
reduced after tMCAO-Rep 6 h in MCAO mice (Figure 11H

and I). After tMCAO-Rep 72 h, the phosphorylated levels of

PRKAA and RPS6KB returned to basal levels (Figure 11H and
I). Based on the current results, the activation levels of MTOR
did not match with the requirement of degradation of accu-
mulated lysosomes and autolysosomes in the reperfusion
duration.

Discussion

In the current study, we found that autophagy activation after
ischemic insult is only transient, as the increased number of
autophagosomes quickly return to basal levels. Furthermore,
the early activation of autophagy may be the initiating factor
that contributes to late-stage lysosomal dysfunction (Figure
11]). As lysosomes are vital for autophagosome degradation
[42], lysosomal dysfunction may be considered a disorder of
the autophagosome-lysosomal machinery. It was an interest-
ing phenomenon that autophagy upregulation was followed
by the dysfunction of the endosome-lysosomal system, which
resulted in the impairment of autophagic machinery by the
injured degradation of autophagosome contents. Because the
early autophagy upregulation was transient, the subsequent
dysfunction remained in a long-term and autophagosome-
formation-independent manner. Our results suggest that in
addition to the protein level of SQSTM1 and the ratio of LC3-
II:LC3-1, other parameters should be evaluated to assess the
status of the autophagosome-lysosomal machinery and pro-
vide a clearer understanding of autophagic machinery dysre-
gulation. The initial activation or inhibition of autophagy only
functions as a prelude to a prolonged dysfunction of autop-
hagic machinery that has a greater impact than the earlier
changes. Furthermore, we propose that too much emphasis
has been placed on autophagosome formation, which is only
one stage of the autophagy machinery; therefore, the other
stages of autophagy and the relationship between them should
be fully addressed in future studies, including the functions of
lysosomes. We are not challenging the previous studies, but
only provide a possible prospect in autophagy study.

In the acute ischemia stage, transient upregulation of auto-
phagy with increased autophagosomes and greater ongoing
autophagic flux occurs, followed by lysosomal accumulation.
Further investigation revealed that lysosome enlargement and
lysosome dysfunction resulted from decreased CTSD activity,
indicating dysfunctional lysosomal storage. Moreover, there
was accumulation of autophagosomes in neuronal processes,
which cannot be transported from the terminals to the cyto-
plasm of neurons. Based on these phenomena, it can be
concluded that the response capacity to stressors is different
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analysis of the LC3-Il:LC3-I ratio and LAMP1 in the indicated groups (F and G, n = 3; *p < 0.05 and **p < 0.01 vs. the contralateral group). I: ipsilateral, C: contralateral.
Statistical comparisons were carried out with paired t-tests. (H and I) Representative TEM images and quantitative analysis of the number of autophagosomes,
lysosomes, and autolysosomes in the cytoplasm of neurons exposed to sham, tMCAO-Rep 6 h, and tMCAO-Rep 72 h (sham C/I, n = 44/51; tMCAO-Rep 6 h C/I, n = 74/
39; tMCAO-Rep 72 h /I, n = 47/63; ***p < 0.001 vs. the contralateral group); scale bar: 1 pm. Blue or red arrowheads indicate representative autophagosomes or
lysosomes, respectively. Statistical comparisons were carried out with unpaired t-tests. Data are shown as the mean + SEM.

for the individual stages of autophagy. Autophagy is normally
regulated by upregulation or suppression via the formation of
autophagosomes or the fusion between autophagosomes and
lysosomes [43]. However, in the current study, significant
accumulation of undegraded autolysosomes was observed,
suggesting that additional methods targeting autophagy
should be considered, such as increased activity of lysosomal
enzymes.

LSDs are generally genetic and often fatal diseases induced
by mutations in lysosomal-function-associated proteins,
including lysosomal enzymes, non-enzymatic lysosomal pro-
teins, and non-lysosomal proteins [44]. Genetic LSDs are
characterized by the accumulation of undegraded cargoes in
lysosomes and lysosomal dysfunction. Although multiple
forms of multi-systemic dysfunction are found in LSDs,
most LSDs exhibit neurologic symptoms and neurodegenera-
tion [45]. Interest in these diseases has increased because
some LSDs share signaling pathways with neurodegenerative
diseases, including AD and PD [30,46,47]. For neurons, lyso-
somal disorders have been associated with increased suscept-
ibility to ischemic injury. Feldt-Rasmussen U reported that
Fabry disease, an X-linked lysosomal storage disorder, has the
classic phenotypes of acroparesthesia, hypohidrosis, and cor-
neal opacity in childhood [48]. Some of these patients suffer
from strokes in the third to fifth decades of life, indicating
that lysosomal disorders play a role in the occurrence of
stroke. Based on the synaptic dysfunction observed in genetic
LSDs, we examined the synaptic structure and found that
synaptic dysfunction accompanied this change in lysosome
function. In addition, we found that this lysosomal accumula-
tion may be the inevitable consequence after autophagy dys-
function, regardless if autophagy upregulation is induced by
OGD or rapamycin exposure. Vascular cognitive impairment
has long been characterized by a common profile that differs
from other causes of cognitive impairment and dementia,
such as AD [49]. Based on the prevalence of autophagy
dysfunctions in these disorders, they may share a similar
pathogenic pathway.

For neurons, the processes are more complicated because
their highly polarized structure causes the spatial separation of
various components [50]. However, recent reports suggest
that autophagosomes formed locally can be degraded via
distal axonal lysosomal machinery [51]. The abnormal forma-
tion or retrograde transport of autophagosomes disrupts the
clearance of excitotoxins, resulting in synaptic disorders [52].
Furthermore, the rate-limiting step of cargo degradation is
considered to be the fusion of autophagosomes and lysosomes
[53]. In the current study, dysfunctions of the autophagy-
lysosomal system occurred together with synaptic dysfunc-
tion, again suggesting the vital role of lysosomes.
Furthermore, the inhibition of lysosomal proteolysis damages
the axonal transport of degradative organelles, suggesting that

lysosomes can have a profound influence on neuronal func-
tion [54].

A series of abnormalities in autophagic pathways are asso-
ciated with dysfunction of the lysosomal system and are
associated with the onset of AD [55]. Autophagic vacuoles
with partly digested proteins specifically accumulate in focal
axonal swellings, resulting in the neuritic dystrophy that is
characteristic of AD [56]. Therefore, because disorders of both
retrograde transport and autophagic systems are associated
with lysosomal function, furthering our understanding of
lysosome function to improve treatment options should be
a priority. Although some reports suggest that dysfunctional
autophagy induces disorders of some synaptic proteins con-
tributing to synaptic dysfunction [57], lysosomal dysfunction
is actually the molecular basis of this dysfunction based on
our current findings. Thus, we propose that lysosomal dys-
function may be the cause of synaptic disorders under certain
stress conditions, such as ischemic stress. In the current study,
a number of synaptic-function-associated proteins, including
SYNI, SYT1, TUBB3, SNAP25, and HPCA, which are impor-
tant for the hemostasis of synaptic functions and the main-
tenance of the synaptic ultra-structures, decreased during the
reperfusion. Of note, the total protein levels of PRKAA and
RPS6KB did not change in the neurons in different experi-
mental conditions as the synaptic proteins did. Because these
processes involve highly specialized structures that are remote
from the cytoplasm, the efficiency of the autophagic machin-
ery, which contributes to the dynamic turnover of synaptic
proteins, may not be reversed sufficiently. Our observation of
dysfunctional lysosomal storage during reperfusion following
acute ischemia suggests that the maintenance of lysosomal
function may be a good target for achieving synaptic plasticity
after acute ischemia.

In neurons, MTOR is distributed at both presynaptic and
postsynaptic sites (or to lysosomes) where it acts as surveil-
lance on autophagy [58,59]. ALR is a vital process for main-
taining lysosome homeostasis, which acts as an evolutionarily
conserved lysosome regeneration cycle [39]. In addition to
clathrin and PtdIns(4,5)P, were also identified as potential
regulators for ALR and KIF5B and necessary for autolysosome
tubulation, MTOR reactivation is the onset of the occurrence
of ALR. Furthermore, MTOR may affect the degradation
capacity of autolysosomes by the regulation of lysosomal pH
[60]. Generally, after MTOR is reactivated, autolysosome
tubulation occurs and increases vesicles that finally develop
into functional lysosomes [39]. Inhibition of MTOR reactiva-
tion results in the accumulation of enlarged autolysosomes
and impaired lysosomal functions. In the current study,
MTOR activation after 1 h OGD/24 h reperfusion or tMCAO-
Rep 72 h, addressed by phosphorylated levels of PRKAA and
RPS6KB, was not significantly changed compared to that of
the normoxia or sham group in both in vivo and in vitro
models, although there is a large accumulation of lysosomes
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3-MA). Statistical comparisons were carried out with one-way ANOVA. (D-F) Representative western blots and quantitative analysis of p-PRKAA, PRKAA, p-RPS6KB,
and RPS6KB with or without ATG7 knockdown in cultured neurons of the indicated groups (n = 4; *p < 0.05 vs. NC + the normoxia group; *p < 0.05 vs. the indicated
OGD group). Statistical comparisons were carried out with one-way ANOVA. (G-l) Representative western blots and quantitative analysis of p-PRKAA, PRKAA,
p-RPS6KB, and RPS6KB of MCAO mice in the indicated groups (tMCAO-Rep 6 h, n = 4; n = 3 in each of the other groups; *p < 0.05 vs. the contralateral group).
Statistical comparisons were carried out with paired t-tests. Data are shown as the mean + SEM. (J) Proposed model for the scenario of upregulated autophagy by
ischemic stress, subsequent lysosomal dysfunction, and synaptic impairment in the ultra-structures. Here, we highlight the central role of neuronal autophagy in
influencing lysosome functions and synaptic injuries. In this model, in the early stages of ischemia, the level of intracellular autophagy is upregulated. In the
subsequent reperfusion, lysosome function regulated by MTOR signaling does not meet the requirement for the clearance of remnants of the transient autophagy
burst, which leads to functional lysosomal accumulation. Finally, the impairment in turnover of synaptic proteins results in the aggravation of ischemic synaptic
function damage, especially in the later stages of reperfusion. This model suggests that neuron-targeted-regulation of the lysosomal biogenesis gene MTOR may
rescue dysfunctional lysosomes and improve synaptic function in later stages of reperfusion.

and autolysosomes. Thus, it can be concluded that the bio-
genesis of lysosomes did not change with the requirement of
autophagy. Furthermore, production of some lysosomal
enzymes, such as CTSD, did not synchronize with the other
components of lysosomes. Obviously, although the activation
of MTOR reversed to basal levels, the basal level of MTOR is
not sufficient for the high demand for lysosomal function
after ischemic stroke. In the near future, an MTOR function-
related strategy against the accumulation of lysosomes
following ischemic stress may be a promising gateway for
alleviating lysosomal dysfunction.

Unlike lysosomal function, lysosome transport and axonal
morphology were not affected by autophagic activation with
RAPA [54]. Autophagy activation has been shown to coincide
with axonal swelling during nerve growth factor deprivation
and excitotoxicity in PC12 cells [61,62]. Autophagy activation
is involved in neurodegeneration [63,64]. In our study, auto-
phagy activation with RAPA induced LAMPI1 accumulation
and disrupted dendritic morphology. We made three conclu-
sions based upon these observations. First, the entire autopha-
gy process has 5 stages, which may differ in their capacity to
adapt to stress. Therefore, the activation of autophagosome
formation alone may cause a signaling cascade, such as
a higher requirement for lysosomal function, because 3-MA
pretreatment partially prevents the accumulation of LAMP1
and changes in synaptic morphology. Second, dysfunctional
lysosomal storage accompanied by the reduced biogenesis of
lysosomal hydrolases may be another cause of lysosomal dys-
function. Third, lysosomal dysfunction is the molecular basis
of these synaptic plasticity disorders because several synaptic
proteins decrease simultaneously.

In summary, an early transient upregulation of autophagy
may result in undegraded cargoes, especially in the neurites of
neurons. The following MTOR-dependent biogenesis of lyso-
somes and lysosomal functions are not capable of clearing
these undegraded materials which cause impairments in the
dynamic turnover of synaptic proteins. Finally, the synaptic
ultra-structures are modified. Based on these results, we sug-
gest that therapeutic strategies for synaptic dysfunction after
ischemia should include lysosome-targeting compounds, such
as those affecting lysosomal degradation efficiency. Our cur-
rent study provides a model of dysfunctional lysosomal sto-
rage. Although the lysosomal storage induced by ischemia and
reperfusion are moderate compared with those caused by
genetic mutations, their epigenetic significance may provide

insights into the mechanisms underlying the effects of the
genetic mutations. Additionally, ischemia-induced functional
lysosomal storage plays a role in the maintenance of synaptic
morphology; therefore, its influence on the synaptic network
and cognitive function deserves further exploration. To our
knowledge, this is the first report on dysfunctional lysosomal
storage after ischemic stress, which sheds light on a novel
treatment target for post-ischemia synaptic dysfunction,
even post-stroke cognitive impairment.

Materials and methods
Animals

For development of a MCAO model, 6- to 8-week-old (22.-
5-24 g) male C57BL/6 mice were purchased from Charles
River Laboratories (213; Beijing, China). Animals were
housed 4-5 per cage under standard housing conditions
(room temperature [RT] 20 + 2°C with a 12-h light-dark
cycle) with free access to food and water. All procedures and
treatments were conducted in accordance with the ethical
regulations set by the Animal Experimentation Committee
of Capital Medical University.

For development of an OGD model, Newborn Wistar rats
were used within 24 h of birth and were purchased from
Charles River Laboratories (102; Beijing, China). All proce-
dures and treatments were conducted in accordance with the
ethical regulations set by the Animal Experimentation
Committee of Capital Medical University.

Agents and antibodies

Hanks’ balanced salt solution (HBSS; 14175095), 0.25% tryp-
sin-EDTA (25200072), Dulbecco’s modified Eagle’s medium
(DMEM; 10569010), Neurobasal-A Medium (10888022),
Glucose-free DMEM (11966025), B27 (17,504,044), and
GlutaMAX (35050061) were all obtained from Gibco. Poly-
D-lysine hydrobromide (27964994) was obtained from Sigma-
Aldrich. Penicillin-streptomycin (PSL02) was obtained from
Caisson Labs. 3-MA (HY-19312), and RAPA (HY-10219)
were obtained from Med Chem Express.

Primary antibodies were as follows: anti-LC3B (Abcam,
ab63817; Cell Signaling Technology, 3868; dilution ratio:
1:750 for western blot), anti-SQSTM1 (Proteintech, 18420-
1-AP and 55274-1-AP; dilution ratio: 1:1000 for western
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blot), anti-LAMP1 (Abcam, ab24170 and ab25630; dilution
ratio: 1:1000 for western blot, 1:100 for immunofluorescence
staining), anti-TFEB (Proteintech, 13372-1-AP; dilution ratio:
1:500 for western blot, 1:100 for immunofluorescence stain-
ing), anti-CTSD (Proteintech, 21327-1-AP; dilution ratio:
1:1500 for western blot), anti-CTSB (Abcam, ab214428; dilu-
tion ratio: 1:750 for western blot), anti-MAP2 (Abcam,
ab75713; dilution ratio: 1:100 for immunofluorescence stain-
ing), anti-ATG7 (Cell Signaling Technology, 8558; dilution
ratio: 1:750 for western blot), anti-PRKAA/AMPKa (Cell
Signaling Technology, 2603; dilution ratio: 1:750 for western
blot), anti-p-PRKAA/AMPKa (Thr172; Cell Signaling
Technology, 2535; dilution ratio: 1:750 for western blot), anti-
RPS6KB/p70S6K (Cell Signaling Technology, 2708; dilution
ratio: 1:750 for western blot), anti-p-RPS6KB/p70S6K
(Thr389; Cell Signaling Technology, 9234; dilution ratio:
1:750 for western blot), anti-SYN1 (Cell Signaling
Technology, 5297; dilution ratio: 1:750 for western blot), anti-
SYT1 (Cell Signaling Technology, 14558; dilution ratio: 1:750
for western blot), anti-SNAP25 (Cell Signaling Technology,
5309; dilution ratio: 1:750 for western blot), anti-HPCA
(Abcam, ab126740; dilution ratio: 1:750 for western blot),
anti-TUBB3 (Abcam, ab41489; dilution ratio: 1:750 for wes-
tern blot), anti-ACTB/B-actin (Proteintech, 60008-1-Ig; dilu-
tion ratio: 1:5000 for western blot), and anti-TUBB/B-tubulin
(Proteintech, 10068-1-AP; dilution ratio: 1:1000 for western
blot).

Secondary antibodies for western blot were from Cell
Signaling Technology as follows: anti-mouse IgG, HRP-
linked antibody (7076s), anti-rabbit IgG, HRP-linked anti-
body (7074s). These antibodies were used at 1:5000 dilution
ratio. Secondary antibodies for immunofluorescence stain-
ing were from Thermo Fisher Scientific as follows: goat
anti-chicken IgY (H + L) Alexa Fluor 647 (A-21449), goat
anti-mouse IgG (H + L) Alexa Fluor 594 (A-11005), and
goat anti-rabbit IgG (H + L) Alexa Fluor 488 (A-11034).
These antibodies were used at 1:200 dilution ratio.

Mouse middle cerebral artery occlusion model (MICAO)

A MCAO mouse model was developed as follows. Briefly,
mice were anesthetized with an intraperitoneal injection of
1.25% tribromoethanol (Sigma-Aldrich, T48402). Through
a midline skin incision, the right common carotid artery
(CCA), external carotid artery (ECA), and internal carotid
artery (ICA) were isolated. The proximal CCA and distal
ECA were ligated. A MCAO suture (0.23 + 0.02 mm diameter
of head end, 0.104 mm diameter of suture body, 3 cm Length;
RWD Life Science, MSMC23B104PK50), with its head end
coated with soft silicone, was inserted into the right ICA
through the broken end of the ECA to block the origin of
the right middle cerebral artery. Meanwhile, a sham-operated
mouse received the same surgical procedures without insert-
ing MCAO sutures. Body temperature was maintained at 37°
C by a water circulation heat preservation system (RWD Life
Science, Shenzhen, China) during surgery and for 2 h after the
start of reperfusion. MCAQ sutures were removed from the
mice after 1 h of occlusion, followed by reperfusion.

For the i.c.v injection, anesthetized mice were placed in
a stereotaxic apparatus (RWD Life Science, Shenzhen, China)
and a burr hole was drilled 0.5 mm posterior to bregma,
1.0 mm lateral to the sagittal suture, and 1.75 mm in depth.
Mice were given an i.c.v injection of 15 pg 3-MA before
30 min in MCAO with a microinjector. 3-MA was dissolved
in normal saline by heating the solution to 60°C immediately
before injection. Vehicle mice were injected with the same
volume of normal saline solution (5 pL). The dosages of 3-MA
were selected according to previous studies [65].

Measurement of motor deficits, cerebral infarct volume,
and cerebral edema

The motor deficits in mice subjected to sham or MCAO
surgery were evaluated using Zea-Longa scoring criteria as
follows: 0 point, mice behave normally; 1 point, mice can’t
fully stretch their left front legs; 2 points, mice turn around in
a circle; 3 points, mice fall down to the left side; 4 points, mice
cannot move by themselves, losing consciousness. The motor
deficits were evaluated by an examiner without knowing
experimental conditions.

To determine the infarct volume, mice were anesthe-
tized with an intraperitoneal injection of 1.25% tribro-
moethanol and sacrificed by decapitation at the indicated
time point after reperfusion. The coronal brain slices at
1-mm intervals were incubated in 2% 2, 3,5-triphenylte-
trazolium chloride (TTC; Solarbio, T8170) for 30 min at
37°C. Then, the slices were fixed through the immersion
in 4% paraformaldehyde (Solarbio, P1110) and were taken
by photographic image. Cerebral infarct areas were mea-
sured by an examiner without knowing experimental con-
ditions using Image-Pro Plus 6.0. The percentage of the
infarct volume was calculated using the following equa-
tion: Ipsilateral Infarct volume/Contralateral hemispheric
volume x 100%. The percentage of cerebral edema was
determined as an indicator of cerebral edema using the
following equation: (Ipsilateral hemispheric volume -
Contralateral hemispheric volume)/Contralateral hemi-
spheric volume x 100%.

Primary hippocampal neuron culture

Hippocampal neurons were prepared from newborn Wistar
rats. The hippocampi were isolated in ice-cold HBSS,
digested in 0.125% trypsin-EDTA for 12 min at 37°C,
triturated with a siliconized pipette, and plated on 12-mm
diameter coverslips (for SIM or Immunofluorescent stain-
ing) at a density of 3.5 x 10° cells/mL, in 12-mm plastic
dishes at a density of 7.5 x 10° cells/mL (for TEM), or in
6-well plastic dishes, which were pre-coated with 0.01%
poly D-lysine for at least 12 h, at a density of 5 x 10°
cells/mL. Plating medium (DMEM containing 4.5 g/L glu-
cose and 100 mg/L sodium pyruvate) supplemented with
100 U/mL penicillin/streptomycin, 10% fetal bovine serum,
and 10% horse serum was replaced with Neurobasal-A
Medium containing 0.3 g/L GlutaMAX, 2% B27 supple-
ment, and 100 U/mL penicillin/streptomycin 4 h after



plating. Neurons were incubated in 5% CO, at 37°C for one
week before experiments, and one-third of the medium was
replaced every 3 days.

Establishment of the oxygen-glucose deprivation/
reperfusion (OGD/R) model

Cells were randomly assigned to different experimental
groups. To establish the OGD model, the hippocampal neu-
ron culture medium was changed to serum- and glucose-free
DMEM on day 8 of in vitro culture. The neuron cultures were
placed in a closed hypoxia incubator chamber (Stemcell
Technologies, 27,310) filled with 2% O,, 5% CO, and 93%
N, at 37°C. After 1 h, the cells were removed from the
chamber. The medium was replaced with fresh neurobasal
culture medium supplemented with 2% B27, GlutaMAX,
and 100 U/mL penicillin/streptomycin. Then, the cultured
neurons were incubated in 5% CO, at 37°C to achieve reper-
fusion. At the indicated time point following reperfusion, the
neurons were used for experiments.

RNA sequencing

Total messenger RNA (mRNA) was extracted with Trizol
(Life Ambion, 15596018) from the hippocampal neurons of
normoxia, 1-h OGD, and 1-h OGD/24-h R groups. Then,
the obtained RNAs were evaluated with Agilent 2100
BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA)
and Invitrogen Qubit Fluorometer. Total RNA samples that
met the following requirements were used in subsequent
experiments: RNA integrity number (RIN) > 7.0 and
a 28S:18S ratio > 1.8. High-throughput RNA sequencing
(RNA-seq) was conducted by Illumina HiSeq 2500
(Illumina, San Diego, CA, USA) at CapitalBio Corporation
(Beijing, China). The raw sequencing data were aligned to
the rat preference genome. We used a p < 0.05 and fold
changes cutoff as |log2 ratio|>0.5 for addressing the differ-
entially expressed genes in the RNA-seq analysis. If there
were several transcripts in a gene, sequencing depth and
expression were calculated using the longest one. GSVA
(https://doi.org/10.1186/1471-2105-14-7) was used to assess
KEGG gene set enrichment in gene expression RNA-seq
data [66]. GO enrichment analysis (p value<0.05) against
genes was conducted using clusterProfiler [67]. Heatmap
was plotted using pheatmap R package (version 1.0.12).

Pharmacological treatments of cultured neurons

To determine the effects of the autophagy inhibitor, 3-MA on
oxygen-glucose deprivation (OGD)-reperfusion-induced au-
tophagy, 3-MA (5 mM) was dissolved in normal culture
medium and pre-incubated with primary neurons for 1 h.
Following, the medium was replaced with glucose-free
DMEM for 1-h OGD treatment. To activate autophagy,
RAPA (50 nM) was dissolved in dimethyl sulfoxide
(DMSO), diluted with normal culture medium, and pre-
incubated with primary neurons for 2 h. The medium was
then replaced with fresh Neurobasal culture medium
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supplemented with 2% B27, GlutaMAX, and 100 U/mL peni-
cillin-streptomycin, and incubated under 5% CO, at 37°C to
achieve reperfusion.

Western blot assay

After MCAOQ, the ipsilateral parietal cortex (penumbra of
middle cerebral artery) and the corresponding area of the
contralateral cortex were rigorously homogenized with
FastPrep-24 (MP Biomedicals, USA). For in vitro samples,
after subjection to the corresponding experimental treat-
ments, culture mediums of these cells were removed and
cells were washed 3 times with pre-cooled phosphate-
buffered saline (PBS; Applygen Technology, C1053). Then,
the in vivo tissue samples and in vitro cell samples were
lysed with RIPA Lysis buffer (Applygen Technology, C1053)
supplemented with PMSF (Beyotime Biotechnology, ST506),
Complete Protease Inhibitor EASYpacks EDTA-Free (Roche,
04693132001), and Phosphatase Inhibitor Cocktail 2 (Sigma-
Aldrich, P5726) for 60 min at 4°C. Samples were collected and
centrifuged at 15000 x g for 20 min at 4°C. The supernatant
was transferred to a new tube. Protein concentration was
determined using a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, 23225). Supernatants were boiled in Protein
SDS-PAGE Loading Buffered Solution (ROBY, RBU114-2).
Equal amounts of protein samples were loaded and separated
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(8%-12% SDS-PAGE depending on the molecular weight of
the protein of interest) with SDS-PAGE running buffer
(Applygen Technology, B1005). Proteins were then trans-
ferred onto a PVDF membrane (Millipore, IPVH00010) with
WB transfer buffer (Solarbio, D1060). Subsequently, the
membrane was blocked in blocking solution containing 10%
nonfat powdered milk (Solarbio, D8340) for 1 h. After being
washed 3 times with Tris buffered saline plus tween-20
(TBST; Solarbio, T1082), samples were probed with indicated
primary antibodies for overnight incubation at 4°C. On the
next day, membranes were washed 3 times with TBST and
incubated with HRP-linked secondary antibody for 1.5 h at
RT. After washing 3 times with TBST, samples were detected
with Enhanced Chemiluminescent (NCM Biotech, P10300)
and visualized by using Amersham imager 600 (General
Electric Company, USA). The expression of the target band
relative to the loading control, ACTB or TUBB, was quanti-
fied with Image] software.

CTSD activity

CTSD activity was measured using a Fluorometric Assay Kit
from Abcam (ab65302). The kit is a fluorescence-based assay
that utilizes the preferred CTSD substrate sequence
(GKPILFFRLK(Dnp)D-R-NH?2) labeled with methyl coumaryl
amide (MCA). Samples were prepared according to the man-
ufacturers’ instructions. Briefly, cells (5 x 10°) were harvested
for each condition, washed with ice-cold PBS, resuspended in
100 pL of PBS, and homogenized quickly by pipetting up and
down multiple times. Samples were centrifuged at 100 x g for
5 min at 4°C, and the supernatant was decanted without
disturbing the cell pellet. The cell pellet was transferred to
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a new tube in 200 pL of chilled CD Cell Lysis Buffer and then
incubated on ice for 10 min. Samples were centrifuged at
21,000 x g for 5 min at 4°C to remove any insoluble material.
The cleared cell lysate was transferred to a new tube. Then,
50 uL of cell lysate and 52 pL of reaction mix (50 pL of
reaction buffer and 2 pL of substrate) were added to each
well of a black 96-well plate (CORNING, 3916), and the
samples were incubated at 37°C for 30 min. The fluorescence
released upon substrate cleavage was measured using
a SynergyH1 microplate reader (Biocompare, USA) at Ex/
Em = 328/460 nm.

Plasmids and lentiviral vectors

Autophagosomes were measured by analyzing EGFP-
MAPI1LC3B puncta. Cultured hippocampal neurons expres-
sing EGFP-MAPILC3B were generated by the transfection of
pLenti-UBC-EGFP-3 FLAG-MAPILC3B (Obio Technology,
Shanghai, China), with pLenti-UBC-EGFP-3 FLAG used as
the negative control (NC).

For short hairpin RNAs (shRNAs) transfection, three
shRNAs targeting Atg7 and negative control (NC) with lenti-
viruses particles were purchased from Obio Technology
(Shanghai, China). Cultured hippocampal neurons were
transfected according to the following procedure. In brief,
neurons (5 x 10° per well) were seeded in 6-well plates for
up to 3 days. Then, lentivirus expressing the respective
shRNA plasmid was added to the medium. After 24 h of
incubation in a 5% CO, incubator, the medium was removed,
and 2 mL of fresh medium was added to each well
A multiplicity of infection (MOI) of 10 was used as the
optimal concentration for shRNA transduction in our experi-
ment. The transfected neurons were cultured for 96 h and
harvested for the subsequent experiments. The knockdown
efficiency of three shRNAs targeting Atg7 was determined
by western blotting. We chose three different sShRNAs against
the target gene (Afg7) as follows: shRNA Atg7-#10,651:

CCTGTGGGCTTGGATCAAA; shRNA Atg7-#10,652:
GCAAGCGAAAGCTGGTCAT; shRNA  Atg7-#10,653:
GGTGTTTAACTCTTCACAT; shRNA NC-#10,657:
TTCTCCGAACGTGTCACGT.

Immunofluorescent staining

Hippocampal neurons were plated onto 12-mm coverslips at
a density of 3.5 x 10° cells/mL. At the indicated time points,
the cells were subjected to OGD/R establishment. To detect
the LAMP1 signals, neurons were washed 3 times with cold
PBS and then fixed with 4% paraformaldehyde at RT for
15 min. The samples were then washed 3 times with PBS,
permeabilized with 0.25% Triton X-100 (AMRESCO,
9,002,931) in PBS for 10 min, blocked with 5% normal goat
serum (ZSGB-bio, ZLI-9056) in PBS for 60 min, and incu-
bated with anti-LAMP1, and anti-MAP2 antibodies overnight
at 4°C, followed by Alexa Fluor 594-conjugated goat anti-
mouse IgG, Alexa Fluor 488-conjugated anti-rabbit IgG, and
Alexa Fluor 647-conjugated goat anti-chicken IgY for 1.5 h at
RT. The samples were washed with PBS containing 0.05%
Triton X-100 (PBST) between and after antibody incubation.

The samples were mounted on a microscope slide containing
DAPI-Fluoromount-G (Southern Biotech, 010020). The super
resolution images were taken using A1 N-SIM STORM with
a 100x oil immersion objective. The super resolution images
were analyzed by Imaris 9.3.1 (Bitplane, Switzerland).

The super resolution imaging of autophagosomes and
lysosomes

Hippocampal neurons were plated onto 12-mm diameter
coverslips (Thermo Fisher Scientific, 1,254,580) at a density
of 3.5 x 10° cells/mL. At the indicated time points, the cells
were subjected to RNA interference, pharmacological treat-
ment, and OGD/R establishment. To detect the number of
autophagosomes and lysosomes, hippocampal neurons were
first transfected with pLenti-UBC-EGFP-3FLAG-MAP1LC3B
/LC3 at a multiplicity of infection (MOI) of 10 for 96 h and
then incubated in neurobasal culture medium containing
LysoTracker Red DND-99 (Thermo Fisher Scientific, L7528)
for 30 min. The neurons were then washed 3 times with cold
PBS and fixed with 4% paraformaldehyde at RT for 15 min.
The samples were mounted on a microscope slide containing
DAPI-Fluoromount-G. The super resolution images were
acquired using an Al N-SIM STORM microscope with
a 100x oil immersion objective (Nikon, Japan). The volume
and size of autophagosomes and lysosomes were determined
with Nikon Instruments Software-Elements Advanced
Research (NIS-Elements AR; Nikon, Japan) and Imaris soft-
ware. For evaluation of colocalization of LC3-positive and
lyso-tracker-positive puncta, taking the distance from the
center of the signal to the maximum as a statistic, we take
the sum of the radius of the two signals as the reference,
greater than the sum of the radius as non-colocalization, less
than or equal to any radius as the complete colocalization, and
between greater than any half of the radius and less than the
sum of the two signal radius as partial colocalization.

To calculate the number of LAMPI-positive puncta per
um® in the cytoplasm, the neurons were stained with
LAMP1 and MAP2 using immunofluorescence staining
assay and counterstained with DAPI. The boundary and size
of neuronal cytoplasm were determined with MAP2 staining
using the function “surface” of Imaris software. The LAMP1-
positive puncta within the range of the neuronal cytoplasm
were addressed with the function “spot” of Imaris software.
After that, the number of LAMP1-positive puncta per pm? in
the cytoplasm was calculated.

Transmission electron microscopy (TEM)

Following subjection to MCAO surgery, mice were subjected
to transcardial perfusion with 10 mL of pre-cooled 0.9% NaCl,
followed by 40 mL of 4% paraformaldehyde. The ipsilateral
parietal cortex (I) and the corresponding area of the contral-
ateral cortex (C) were obtained and kept overnight in 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PBS
(pH 7.4).

Cell samples in vitro were prefixed in a mixture of 2%
paraformaldehyde and 2.5% glutaraldehyde for 2 h at RT.
After the samples were washed 3 times with 0.1 M phosphate



buffer (PB, 1 min each), they were postfixed in a mixture of
1% osmic acid and 1.5% potassium ferricyanide for another
1 h at 4°C. The cells were then washed 3 times with 0.1 M PB
(15 min per wash) and stained with 1% uranyl acetate for 1 h
at RT, followed by three washes with ddH,O (15 min each).
Samples were dehydrated in a gradient of ethanol solutions
ranging from 30% to 100% ethanol (30%, 50%, 70%, 80%, and
90% for eight min; 100% for eight min 3 times), followed by
propylene oxide (two 10 min washes). Samples were gradually
embedded with 3 mixtures of EPON812 and propylene oxide
(ratios of 1:1, 2:1, and 3:1 for 2 h at 4°C) and subsequently
embedded in pure EPON812 overnight. Following, the sam-
ples were incubated with fresh EPONS812 for 8 h. The cell
samples were embedded for 4 h at RT, incubated overnight at
37°C, and cured in the oven at 60°C for 24 h. The polymerized
cell samples were sectioned and stained with 1% uranyl acet-
ate for 20 min followed by lead citrate for 5 min. 70 nm-thick
ultra-thin sections were prepared, and images in vitro were
acquired using a Tecnai Spirit 120 kV TEM (FEI, USA) at an
acceleration voltage of 80kV. Images in vivo were acquired
using a JEM-2100 200 kV TEM (JEOL, Japan) at an accelera-
tion voltage of 100 kV. The ultra-structures in the cytoplasm
and processes of neurons were measured manually using
Image] software analysis. To make an accurate TEM quantita-
tion in our experimental condition, we differentiated the
structures between autophagosomes, lysosomes, and autolyso-
somes according to the following criteria. Vesicles with dou-
ble-membrane structures engulfing cytoplasmic material were
defined as autophagosomes. Monolayer organelles with high
electron density were called lysosomes. A monolayer structure
with significantly enlarged volume and abundant undegraded
materials (autophagosomes and other membrane compo-
nents) were defined as enlarged autolysosomes.
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