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ABSTRACT
Mounting attention has been focused on defects in macroautophagy/autophagy and the autophagy-
lysosomal pathway (ALP) in cerebral ischemia. TFEB (transcription factor EB)-mediated induction of ALP
has been recently considered as the common mechanism in ameliorating the pathological lesion of
myocardial ischemia and neurodegenerative diseases. Here we explored the vital role of TFEB in
permanent middle cerebral artery occlusion (pMCAO)-mediated dysfunction of ALP and ischemic insult
in rats. The results showed that ALP function was first enhanced in the early stage of the ischemic
process, especially in neurons of the cortex, and this was accompanied by increased TFEB expression
and translocation to the nucleus, which was mediated at least in part through activation by PPP3/
calcineurin. At the later stages of ischemia, a gradual decrease in the level of nuclear TFEB was coupled
with a progressive decline in lysosomal activity, accumulation of autophagosomes and autophagy
substrates, and exacerbation of the ischemic injury. Notably, neuron-specific overexpression of TFEB
significantly enhanced ALP function and rescued the ischemic damage, starting as early as 6 h and even
lasting to 48 h after ischemia. Furthermore, neuron-specific knockdown of TFEB markedly reversed the
activation of ALP and further aggravated the neurological deficits and ischemic outcome at the early
stage of pMCAO. These results highlight neuronal-targeted TFEB as one of the key players in the
pMCAO-mediated dysfunction of ALP and ischemic injury, and identify TFEB as a promising target for
therapies aimed at neuroprotection in cerebral ischemia.
Abbreviations: AAV, adeno-associated virus; AIF1/IBA1, allograft inflammatory factor 1; ALP, autophagy-
lysosomal pathway; CQ, chloroquine; CTSB, cathepsin B; CTSD, cathepsin D; CsA, cyclosporin A; GFAP,
glial fibrillary acidic protein; LAMP, lysosomal-associated membrane protein; LC3, microtubule-asso-
ciated protein 1 light chain 3; MAP2, microtubule-associated protein 2; mNSS, modified Neurological
Severity Score; MTOR, mechanistic target of rapamycin kinase; OGD, oxygen and glucose deprivation;
pMCAO, permanent middle cerebral artery occlusion; RBFOX3/NeuN, RNA binding fox-1 homolog 3;
SQSTM1, sequestosome1; TFEB, transcription factor EB; TTC, 2,3,5-triphenyltetrazolium chloride.
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Introduction

Autophagy is an evolutionarily conserved process in which
intracellular proteins and organelles are degraded in lyso-
somes. It has only recently been identified as a key regulator
of ischemic stroke [1–4], but the role of dynamic changes in
the autophagy-lysosomal pathway (ALP) in cerebral ischemia
is controversial [5]. Mounting evidence strongly indicates that
ALP is induced in multiple ischemic stroke models as
reflected by the accumulation of autophagosomes and activa-
tion of lysosomal function [1,2,6,7]. However, it is noteworthy
that ischemic injury can trigger a defect in ALP by causing
lysosomal dysfunction, thus resulting in the abnormal accu-
mulation of autophagosomes and substrates [8–12]. In a 2-
vessel occlusion (2-VO) ischemic stroke model, treatment
with chloroquine (CQ) does not further change the LC3-II

levels, suggesting that ALP is impaired [8]. In our latest study,
impaired ALP function is also observed at 24 h in a model of
permanent cerebral ischemia [9]. Additionally, lysosomal dys-
function, as reflected by cytosolic acidification and rupture/
permeabilization, is detected after ischemic insult [10–12].
These inconsistent data suggest that the alteration of ALP
may be a dynamic process as is the development of ischemic
injury. Further, the role of autophagy in regulating neuronal
death/survival is still not clear [7,13–15]. Thus, it is also
essential to clarify the involvement of autophagy in the ische-
mia process and its contribution to the final fate of neurons.

TFEB (transcription factor EB) was recently discovered as a
master regulator of ALP due to its ability to coordinate
expression of autophagy and lysosomal target genes and
enhance lysosomal biogenesis [16]. As a potent activator of
ALP, TFEB has been identified as a potential therapeutic
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target to ameliorate various diseases including myocardial
ischemia [17–19] and neurodegenerative diseases [20–23]. In
a myocardial infarction model, TFEB knockdown attenuates
the pro-autophagic and pro-survival effects exerted by treha-
lose, suggesting that targeting of TFEB has therapeutic poten-
tial to rescue ischemic injury [19]. Moreover, forced
expression of TFEB in cells expressing BNIP3 (BCL2 interact-
ing protein 3) increase lysosome numbers, prevent the accu-
mulation of autophagosomes and substrates, and attenuate
BNIP3-induced cardiomyocyte death [18]. Furthermore, tran-
scriptional priming of the autophagy-lysosome machinery by
TFEB mediates the beneficial effects of fasting-induced autop-
hagy in myocardial ischemia-reperfusion injury [17].
Additionally, enhancement of TFEB function stimulates ALP
function and promotes clearance of proteins such as SNCA/α-
synuclein [22], MAPT/Tau [21], Aβ [20] and HTT [23] in
models of Parkinson, Alzheimer and Huntington diseases,
thus providing a neuroprotective effect to attenuate the patho-
logical lesions. These observations indicate that TFEB-
mediated induction of ALP is a common cellular mechanism
for ameliorating the pathological lesions of myocardial ische-
mia and neurodegenerative diseases. However, the role of
TFEB in regulating ALP function and cerebral ischemic insult
is so far unknown.

We therefore evaluated changes in the pattern of ALP in
the setting of permanent middle cerebral artery occlusion
(pMCAO), especially whether TFEB was able to regulate
ALP function and consequently protect neurons against
ischemic injury. The results provide the first evidence that
permanent cerebral ischemia results in dynamic changes of
ALP. Especially at the early stage of the ischemia process, the
enhancement of ALP is accompanied by increased TFEB
expression and translocation of TFEB into the nucleus,
which is mediated at least in part through activation by
PPP3/calcineurin. In particular, neuron-specific overexpres-
sion of TFEB rescues ALP dysfunction and alleviates the
ischemic injury following pMCAO. Our study identifies
TFEB as a potential target for therapies aimed at enhancing
neuroprotection to ameliorate the ischemic insult.

Results

Permanent cerebral ischemia results in a dynamic change
of ALP

Rats with pMCAO were used as an in vivo model of cerebral
ischemia. The infarct volume, brain water content and neu-
rological scores from 3 h to 48 h gradually increased after
ischemic stroke, indicating the successful establishment of
pMCAO (Figure S1(a–d)). Meanwhile, degenerative changes
in neurons, as indicated by decreased expression of the neu-
ron marker MAP2 (microtubule-associated protein 2), lower
numbers of RBFOX3/NeuN (RNA binding fox-1 homolog 3)-
positive cells, and reduced cell viability (Figure S1(e–h)), were
observed both in rats subjected to pMCAO and primary
cultured cortical neurons treated with oxygen-glucose depri-
vation (OGD). To what extent these changes reflect alterations
in ALP processing, however, is still controversial and requires

further study. Thus, we monitored changes in ALP function
using markers of autophagic and lysosomal activity.

First, western blotting was conducted to analyze the expres-
sion of autophagy-related proteins in the rat cortex from 3 h to
48 h following pMCAO. The results showed that there was a
significant increase in the expression of the autophagic marker
MAP1LC3-II/LC3-II [24] starting at 12 h, and reaching a max-
imum at 48 h following pMCAO (Figure 1(a,b)). SQSTM1 levels
in both Triton X-100-soluble and -insoluble fractions were
detected. The results showed that the soluble SQSTM1 expres-
sion was gradually decreased and reached the minimum at 48 h
after ischemic damage (Figure 1(a,c)), while the expression of
insoluble SQSTM1 and another substrate of autophagy, ubiqui-
tinated proteins [25], significantly increased (Figure 1(a,d,e)).
Meanwhile, punctate LC3 fluorescence signals were observed
in neurons in the ischemic cortex area at 24 h after pMCAO as
compared with neurons in the sham-operated cortex wherein
the LC3 signal was low and diffuse in the cytoplasm (Figure S2
(a–c)). This result is consistent with the previous studies [7,26].
Similarly, in cultured primary neurons, the expression of LC3
and ubiquitinated proteins was increased from 1 h to 24 h after
OGD, and peaked at 12 h (Figure 2(a,b,d), while the soluble
SQSTM1 expression was decreased (Figure 2(a,c)). These results
are in accordance with the in vivo data. The above observations
indicated that there was an abnormal accumulation of autopha-
gosomes and substrates after pMCAO.

To identify the cell types in which LC3 is expressed, co-
staining of LC3 and RBFOX3 (neuronal-specific marker),
GFAP (astrocyte-specific marker) and AIF1/IBA1 (micro-
glial-specific marker) was measured by immunofluorescence
(Figure S2(a–c)). The results revealed that within the infarct
regions of the cortex, punctate LC3 structures were abundant
in neurons (RBFOX3-positive), but not in astrocytes (GFAP-
positive) or microglia (AIF1-positive). Additionally, the num-
bers of RBFOX3-positive neurons were significantly reduced
after pMCAO (Figure S1g), and the reactive astrocytes and
microglia exhibited various stages of fragmentation (Figure S2
(b,c)). The results indicated that most of the neurons, astro-
cytes and microglia were injured and even died at 24 h after
pMCAO, which is consistent with the previous reports [2].
These data suggested that autophagy mainly occurred in neu-
rons in the pMCAO model.

The lysosome is an essential organelle for executing autop-
hagic activity as its enzymes are required to degrade the con-
tents of autophagosomes [27,28]. Hence, to evaluate lysosomal
function in the ischemic cortex, we examined changes in the
expression and/or activity of LAMP1 (lysosomal-associated
membrane protein 1) and the lysosomal proteases CTSD
(cathepsin D) and CTSB (cathepsin B) from 3 h to 48 h after
pMCAO. The results showed that the expression of lysosomal
markers (LAMP1 and CTSD) and the activity of CTSB enzyme
were significantly increased at 6 h after pMCAO and then
gradually decreased (Figure 1(a,f,g,i)). These data suggested a
dynamic change of lysosomal function. The expression of both
CTSB and CTSD started to sharply decrease from 24 h
(Figure 1(g,h)), indicating that lysosomes were ruptured at
the late stage of pMCAO. The state of the lysosomes after
pMCAO was also further examined by observing the colocali-
zation of LAMP2 and CTSB via immunofluorescence. In the
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cortex of sham-operated rats, LAMP2 and CTSB both had a
fine, granular, perinuclear distribution, and they colocalized
upon merging to yield a yellow signal, which indicated intact
lysosomes. In the ischemic cortex, the punctate fluorescence
pattern of LAMP2 and CTSB, and their colocalization in the
merged image, was enhanced at 3 h to 6 h, then subsequently
decreased from 12 h after pMCAO (Figure 1(j)). Furthermore,
in cultured neurons after OGD, the expression of CTSB also
appeared to increase at 6 h and then decreased after 6 h
(Figure 2(a,e)). The colocalization of LAMP2 and CTSB in
OGD-treated neurons showed a varying pattern in which the
fluorescence signal was enhanced and then declined (Figure 2
(h)). Taken together, these findings revealed that lysosomal
function was first induced at the early phase of permanent

ischemic stroke, and then became impaired as the ischemic
injury developed.

To further clarify the change of autophagic flux, the levels
of LC3 were assayed at different time points in pMCAO-
treated rat cortex and OGD-treated neurons in the presence
or absence of CQ, which inhibits lysosomal proteases or
blocks downstream autophagosome-lysosome fusion [29].
Immunoblots showed that an intraperitoneal injection of CQ
(60 mg/kg) in pMCAO rats led to significant upregulation of
LC3-II as compared with the sham group, suggesting an intact
autophagic flux. CQ caused a significant increase in the LC3-
II level from 3 h to 6 h after ischemia, while from 12 h, the
expression of LC3-II was not further elevated after CQ treat-
ment (Figure 1(k,l)). Similarly, the in vitro results indicated

Figure 1. Permanent cerebral ischemia results in the dynamic change of ALP function. (a) The time-dependent changes of autophagy-lysosomal-related protein
expression from 3 h to 48 h after pMCAO in ischemic cortex protein extracts. ACTB is used as a loading control. (b–h) Quantitative analysis of the immunoblotted
proteins was performed with ImageJ. Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are presented as mean ± SEM from 4 rats in
each group. ***p < 0.001, **p < 0.01, *p < 0.05 vs. sham group. (i) Histograms showing the alterations of CTSB activity in the cortex of sham-operated rats and
pMCAO-treated rats. CTSB activity was measured using a fluorimetric assay. Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are
presented as mean ± SEM from 4 rats in each group. **p < 0.01 vs. sham group. (j) The time-dependent changes of colocalization of LAMP2 with the lysosomal
enzyme CTSB from 3 h to 48 h after pMCAO in ischemic cortex. Immunofluorescence images showing the colocalization of LAMP2-positive lysosomes (green) with
the lysosomal enzyme CTSB (red) in the cortex of sham-operated rats and of pMCAO rats. Nuclei are stained with DAPI (blue). Scale bar: 20 μm. High-magnification
images of the boxed areas are shown in the inserts. (k) Expression of LC3 in the sham-operated rats and pMCAO-treated rats with or without CQ. (l) Quantitative
analysis of the LC3 protein, performed with ImageJ. Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are presented as
mean ± SEM from 4 rats in each group. **p < 0.01, *p < 0.05 vs. the same time point group without CQ. ###p < 0.001 vs. sham group. Pro, precursor form; Mat,
mature form.
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that when the neurons were given CQ, the LC3-II levels were
increased from 3 h to 6 h but not further increased at 12 h
(Figure 2(f,g)). These data confirmed that ALP function was
induced and then diminished.

Permanent cerebral ischemia induces the activation of
TFEB

To determine whether the dynamic changes of ALP were asso-
ciated with nuclear translocation of TFEB, we examined the
relative abundance of endogenous TFEB in total, nuclear and
cytoplasmic fractions of cortex in rats and primary neurons. The
data showed that in total extracts of pMCAO-treated rat cortex
and OGD-treated neurons, the mRNA and protein level of TFEB
were significantly upregulated at 6 h (Figures S2(h,I) and 3(b,c,g,
h)), suggesting that TFEB expression was increased. Importantly,
6 h of ischemia resulted in marked accumulation of TFEB protein
in the nuclear subfraction, with a corresponding decline in the
cytoplasmic subfraction both in vivo and in vitro. Additionally,
pMCAO treatment also changed the electrophoretic mobility of
TFEB, which appeared as a fast-migrating form. The cytoplasmic
TFEB had a slightly higher molecular weight than the nuclear
TFEB, consistent with phosphorylated TFEB in the cytoplasm and
non-phosphorylated TFEB in the nucleus (Figure 3(d–f,i–k,o,p)).
These observations suggested that short-term ischemia caused
TFEB to translocate to the nucleus.

Furthermore, the expression of TFEB was also examined
through immunofluorescence studies by observing the distribu-
tion of TFEB with RBFOX3, GFAP and AIF1. In sham-operated
rats or control cultured neurons, weak, diffuse and perinuclear
TFEB staining was observed, which did not clearly colocalize with
nuclei in the merged image (Figure 3(a)). In contrast, 6 h after

pMCAO or OGD, there was a pronounced expression of TFEB
and colocalization of TFEB with RBFOX3 in the merged image,
evidenced by increased average optical density, and a significant
increase ofMander’s overlap coefficient (Figures 3(a,l–n) and S2(f,
g)). Additionally, it was found that the abundance of total TFEB,
especially in the nucleus, decreased after 6 h, which was in line
with a subsequent decrease in the fluorescence intensity and
average optical density of TFEB (Figures 3(a,l) and S2(F,G)), as
well as a decrease of nuclear TFEB at 48 h (Figure s4(e,f)). Again,
TFEB did not show marked overlap with GFAP and AIF1 in the
merged images in either the sham- or pMCAO-operated rats,
suggesting that the activated TFEB was mainly expressed in neu-
rons, but not in microglia or astrocytes (Figure S2(d,e)). These
data indicated that short-term ischemic insult caused the activa-
tion of TFEB, especially in neurons, as indicated by the enhanced
expression and translocation to nuclei, and this was followed by a
decrease in nuclear TFEB at the late stage of ischemia.

It is well known that TFEB activity is regulated, at least in
part, by PPP3/calcineurin [30] and MTORC1 [31,32].
Therefore, we used a PPP3/calcineurin inhibitor (cyclosporin
A [CsA]), MTORC1 inhibitors (rapamycin, PP242, Torin1) or
an MTORC1 agonist (MHY) to determine whether TFEB
nuclear translocation is dependent on PPP3/calcineurin phos-
phatase or MTORC1 kinase activity in the OGD-treated pri-
mary cultured neuron model. Immunofluorescence images
showed that CsA significantly reversed the OGD-mediated
TFEB nuclear translocation, whereas rapamycin, PP242,
Torin1 or MHY failed (Figure 4(a,b). These results indicate a
key role of PPP3/calcineurin during this process. Furthermore,
it was found that the activity of PPP3/calcineurin was markedly
upregulated at 6 h in pMCAO-treated rat cortex or from 3 h to
6 h in OGD-treated neurons (Figure 4(e,f)) with no change of

Figure 2. OGD treatment results in a dynamic change of ALP function. (a) The time-dependent changes in the expression of proteins related to ALP in primary
cultured cortical neuron protein extracts from 1 h to 24 h after OGD. (b–e) Quantitative analysis of the immunoblotted proteins was performed with ImageJ.
Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are presented as mean ± SEM from 4 independent experiments. ***p < 0.001,
**p < 0.01, *p < 0.05 vs. CON group. (f) Expression of LC3 in OGD groups with or without CQ. (g) Quantitative analysis of the immunoblotted proteins was performed
with ImageJ. Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are presented as mean ± SEM from 4 independent experiments.
**p < 0.01, *p < 0.05 vs. CON group; #p < 0.05 vs. OGD group. (h) Colocalization of LAMP2 with the lysosomal enzyme CTSB at 3 and 12 h after OGD in primary
neurons. Immunofluorescence images showing the colocalization of LAMP2-positive lysosomes (green) with the lysosomal enzyme CTSB (red) in the CON group and
OGD groups. Nuclei are stained with DAPI (blue). Scale bar: 20 μm. High-magnification images of the boxed areas are shown in the inserts. Scale bar: 10 μm.
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Figure 3. Permanent cerebral ischemia induces the activation of TFEB. (a) Immunofluorescence images showing the distribution of TFEB in neurons in the ipsilateral
cortex in sham-operated rats and pMCAO-treated rats, as detected by laser confocal microscopy using antibodies against TFEB (red) and RBFOX3 (green). Nuclei are
labeled with DAPI (blue). Scale bar: 20 μm. High-magnification images of the boxed areas are shown in the inserts. Scale bar: 10 μm. (b) The time-dependent changes
of TFEB expression from 3 h to 48 h after pMCAO in total cortex protein extracts. (d) Nuclear and cytoplasmic subfractions of cortex cells from pMCAO-treated rats
were examined in the same gel to test the migrating bands and the shift in size of TFEB. (c, e and f) Quantitative analysis of the immunoblotted proteins was
performed with ImageJ. Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are presented as mean± SEM from 4 rats in each group.
**p < 0.001, *p < 0.05 vs. sham group. (g) The time-dependent changes of TFEB expression from 1 h to 24 h after OGD in total protein extracts. (i) Nuclear and
cytoplasmic subfractions of OGD-treated primary neurons were examined in the same gel to test the migrating bands and the shift in size of TFEB. (h, j and k)
Quantitative analysis of the immunoblotted proteins was performed with ImageJ. Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data
are presented as mean ± SEM from 4 independent experiments. ***p < 0.001, **p < 0.001, *p < 0.05 vs. CON group. (l) The time-dependent changes of TFEB
expression in nuclei of OGD-treated primary neurons from 1 h to 12 h after the onset of treatment. Representative images show the colocalization of TFEB (red) and
DAPI (blue) in OGD-treated neurons. Scale bar: 20 μm. High-magnification images of the boxed areas are shown in the inserts. Scale bar: 10 μm. (m and n) Columns
represent Mander’s overlap coefficient. At least 3 independent experiments for each group were included. Data are expressed as mean ± SEM. ***p < 0.001,
**p < 0.01, *p < 0.05 vs. sham or CON group. (o and p) Columns represent the nuclear: cytoplasmic ratio of TFEB. Data are expressed as mean± SEM. ***p < 0.001 vs.
sham or CON group.
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its abundance (Figure 4(g)). These data suggested that PPP3/
calcineurin has an important role in the induction of TFEB
translocation at the early stage of ischemia.

In addition to TFEB, we examined the expression of 3 other
proteins of the MiT/TFE3 family (MITF, TFEC and TFE3) in
the rat cortex from 3 h to 48 h following pMCAO. As shown in
Figure S3, the levels of nuclear MITF and TFEC showed a
statistically nonsignificant increase at 6 h after pMCAO,
which was followed by a decrease. The expression of nuclear
TFE3 was significantly increased at 6 h after pMCAO. These
data suggested that in addition to TFEB, pMCAO also induced
changes in the translocation and expression of MITF, TFEC
and TFE3, which in turn indicates that other members of the
MiT/TFE3 family may have possible roles in the regulation of
ALP functions after ischemic stroke.

Neuronal-targeted TFEB overexpression enhanced ALP
function and attenuated the ischemic insult in pmcao-
treated rats

The above observations led us to postulate that neuronal-
targeted TFEB may regulate ALP function and contribute to

the fate of neurons and the outcome of ischemic insult. To
investigate the central role of TFEB in neuronal damage
and ALP change induced by permanent cerebral ischemia,
we used AAV particles encoding a Syn1 promoter-driven
construct to transduce TFEB into the cortex of ischemic
stroke rats (Figure S4(a)). Confocal images showed that
exogenous TFEB localized to the neuronal nuclei in the
sham- or pMCAO-operated cortex compartment, as
detected by the colocalization of anti-Flag and anti-TFEB
immunoreactivity (Figure S4(c)). In addition, western blot
and RT-qPCR analysis confirmed that cortex extracts from
TFEB-transduced rats showed a robust overexpression of
Flag-TFEB compared to those transduced with GFP vector
(Figures S4(e,F) and 5(o)).

Overexpression of TFEB significantly reversed the
increases in the accumulation of LC3 and ubiquitinated
proteins at 48 h after pMCAO (Figure 5(a,b,d)), indicating
the accelerated degradation of autophagosomes and sub-
strates. However, the Lc3 mRNA levels were contrary to
its protein level (Figure 5(o)). Furthermore, increased
expression of the lysosomal markers LAMP1, CTSD and
CTSB was detected at the transcriptional and protein level

Figure 4. Activation of PPP3/calcineurin mediates the translocation of TFEB in to the nucleus. (a) Primary neurons were incubated with the PPP3/calcineurin inhibitor
CsA and the indicated inhibitors or agonist of MTOR at 0 and 6 h of OGD treatment. The nuclear translocation of TFEB was monitored by immunofluorescence using a
TFEB antibody. Scale bar: 20 μm. (b) Columns represent Mander’s overlap coefficient. At least 3 independent experiments for each group were included. Data are
expressed as mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05 vs. OGD (0 h)+ DMSO group; ###p < 0.001 vs. OGD (6 h)+ DMSO group. (c) The fluorescence intensity
of neurons incubated with Fluo 4-AM was captured from 1 h to 24 h after OGD to monitor the dynamic change of Ca2+ concentration. Scale bar: 20 μm. (d)
Quantification of the dynamic change of Ca2+ concentration. Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are presented as
mean ± SEM from 4 independent experiments. ***p < 0.001 vs. CON group. (e and f) Histograms showing the alterations of PPP3/calcineurin activity in the cortex of
sham-operated rats or pMCAO-treated rats and OGD-treated primary neurons. The PPP3/calcineurin activity was measured by using 32P-labeled RII peptide as the
substrate. Each sample was analyzed in triplicate. Data are expressed as mean ± SEM. Statistical comparisons were carried out with ANOVA followed by Tukey’s test.
**p < 0.01 vs. sham group; *p < 0.05 vs. CON group. (G) Immunoblotting analysis of the dynamic change of PPP3/calcineurin expression at the indicated time points
following OGD and pMCAO.
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in the pMCAO-treated rats transduced with AAV encoding
Flag-TFEB (Figure 5(a,e–g,o)). In line with the western blot
analysis, confocal images in pMCAO-treated rats overex-
pressing TFEB also demonstrated a qualitative upregulation
of lysosome abundance with an increase in LAMP1-positive
(blue) and CTSD-positive (red) lysosomes, resulting in
enhanced localization in the merged image (Figure 5(h)).
These data indicated that overexpression of TFEB signifi-
cantly reversed the ALP dysfunction at 48 h after pMCAO.

To provide evidence that TFEB-medicated ALP changes
are involved in ischemic insult, we further examined the
alteration in neuron loss and ischemic outcome at 48 h
after pMCAO. Cortex stereotactic injection of Flag-TFEB

vector markedly inhibited the increases in the MAP2 level
(Figure 6(c,d)) and the infarct volume compared to injec-
tion with GFP vector (Figure 6(a,b)). Furthermore, it is
noteworthy that overexpression of TFEB significantly
decreased the infarct volume as early as 6 h after pMCAO
(Figure 6(a,b)). This change at 6 h was accompanied by
decreased expression of LC3 and ubiquitinated proteins
(Figure 5(i,j,l)), as well as by increased levels of LAMP1
and CTSB (Figure 5(i,m,n)).

These observations suggested that neuron-specific trans-
duction with TFEB enhanced the ALP function and alleviated
the ischemic insults, starting as early as 6 h and even lasting
up to 48 h after ischemia.

Figure 5. Neuronal-targeted TFEB overexpression enhances ALP function. (a) Immunoblots showing the expression of proteins related to ALP in the cortex of sham-
operated or pMCAO-treated rats injected with GFP or TFEB vectors at 48 h after pMCAO. (b–g) Quantification of the immunoblotted proteins in the cortex extracts.
Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are presented as mean ± SEM from 4 rats in each group. ***p < 0.001, **p < 0.01,
*p < 0.05, vs. sham+ GFP group; ###p < 0.001, #p < 0.05 vs. pMCAO (48 h)+ GFP group. (h) Representative images showing the colocalization of LAMP1 (blue) and
CTSD (red) in Flag-positive neurons (green) in the cortex of sham-operated or pMCAO-treated rats; scale bar: 20 μm. High-magnification images of the boxed areas
are shown in the inserts; scale bar: 10 μm. (i) Immunoblots showing the expression of ALP-related proteins in the cortex of sham-operated or pMCAO-treated rats
injected with GFP or TFEB vectors at 6 h after pMCAO. (j–n) Quantification of the immunoblotted proteins in the cortex extracts. Statistical comparisons were carried
out with ANOVA followed by Tukey’s test. Data are presented as mean ± SEM from 4 rats in each group. ***p < 0.001, *p < 0.05 vs. sham+ GFP group; ##p < 0.01,
#p < 0.05 vs. pMCAO (6h)+ GFP group. (o) RT-qPCR analysis showing mRNA expression of ALP genes including Tfeb, Lamp1, Ctsb, Ctsd, Map1lc3b and Sqstm1 at 48 h
in the cortex of sham- or pMCAO-operated rats injected with GFP or TFEB vectors. ***p < 0.001, **p < 0.01,*p < 0.05 vs. sham+ GFP group; ###p < 0.001, ##p < 0.01,
#p < 0.05 vs. pMCAO (48 h)+ GFP group (n = 6–8/group).
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Neuronal-targeted TFEB knockdown inhibited ALP
function and aggravated the ischemic insult in pmcao-
treated rats

Next, gene interference, based on the stereotactic AAV delivery
of a Camk2a promoter-driven shRNA construct, was used to
downregulate TFEB in order to confirm the pivotal role of TFEB
on ischemia from another direction. Stereotactic AAV injections
consistently resulted in widespread transduction in the cortex
(Fig. S4B). Immunofluorescence, immunoblot and RT-qPCR
analysis confirmed the specific downregulation of endogenous
TFEB expression in the cortex of rats compared to those injected
with the GFP-tagged scramble vector, especially in the pMCAO-
treated group (Figures S4(d,g,h) and 7(i)).

The data showed that downregulation of TFEB in ischemic
cortex at 6 h after pMCAO significantly impaired ALP func-
tion as evidenced by accumulated autophagosomes and sub-
strates, LC3 and ubiquitinated proteins (Figure 7(a,b,d)), and
suppressed lysosomal function as assessed by decreased
expression of the lysosomal markers LAMP1, CTSD and
CTSB (Figure 7(a,e–g)). This was also confirmed by a weaker
fluorescence signal from LAMP1 and CTSD and a reduction
in their colocalization (Figure 7(h)) in the cortex of rats at 6 h
following pMCAO. Furthermore, RT-qPCR analysis revealed
that knockdown of TFEB significantly decreased the expres-
sion of the TFEB-targeted genes Tfeb, Lamp1, Ctsb, Ctsd,
Map1lc3b and Sqstm1 not only in the sham group but also
in the pMCAO group at 6 h after pMCAO (Figure 7(i)).These
observations indicated that knockdown of TFEB repressed the
activation of ALP function at 6 h after pMCAO.

Knockdown of TFEB also markedly aggravated the degenera-
tion of neurons, as indicated by the decreased fluorescence signal
of RBFOX3 (Figure 8(a)), and exacerbated the ischemic insult, as
indicated by marked increases of the infarct volume, brain water
content and neurological scores (Figure 8(b–e)). Consequently,

these observations suggested that neuron-specific knockdown of
TFEB further suppressed the activation of ALP and aggravated the
ischemic insult at 6 h following pMCAO.

Discussion

Thepresent study demonstrates the vital role of TFEB in pMCAO-
mediated ALP dysfunction and ischemic insult. We found that at
the early stage of ischemia, TFEB function was activated, as
reflected by its translocation to the nucleus, and this was mediated
at least in part by PPP3/calcineurin. TFEB activation led to
enhancement of ALP functions, especially in cortex neurons. As
ischemia progressed, TFEB function gradually decreased, as indi-
cated by the reduced nuclear accumulation of TFEB, and this was
coupled with a progressive decline of ALP functions, finally lead-
ing to more serious ischemic injuries. Importantly, neuron-tar-
geted overexpression of TFEB significantly rescued the ALP
dysfunction and neuronal loss induced by pMCAO in rats, thus
alleviating the ischemic damage.

Here, we explored the dynamic change of ALP function
induced by ischemic stroke. We found that the autophagic
marker LC3 and the substrate insoluble SQSTM1 and ubiqui-
tinated proteins accumulated at the later stages in both
pMCAO-treated rats and OGD-treated neurons, suggesting
that abnormal accumulation of autophagosomes and sub-
strates accompanies the development of ischemia [8].
However, the soluble SQSTM1 expression gradually decreased
with the development of ischemic damage, suggesting it may
be related to a blockage of autophagy due to cleavage of the
protein, together with other autophagy proteins, by caspases
or calpains [33]. Also, SQSTM1 may be transcriptionally
upregulated under certain conditions [34,35]. Furthermore,
lysosomal function was induced at the early stage of ischemia,
as reflected by the higher expression of lysosomal markers

Figure 6. Neuronal-targeted TFEB overexpression attenuates the ischemic insult. (a) Representative images of brain infarct volume in rats injected with GFP or TFEB
vectors from 3 h to 48 h after pMCAO. (b) Quantification of infarct volume in rats injected with GFP or TFEB vectors from 3 h to 48 h after pMCAO. **p < 0.01,
*p < 0.05 vs. pMCAO+ GFP group. (c) Immunoblots of MAP2 expression in the cortex of sham-operated or pMCAO-treated rats injected with GFP or TFEB vectors. (d)
Quantification of the immunoblotted proteins in the cortex extracts. Statistical comparisons were carried out with ANOVA followed by Tukey’s test. Data are
presented as mean ± SEM from 4 rats in each group. ***p < 0.001 vs. sham + GFP group; #p < 0.05 vs. pMCAO (48 h)+ GFP group.
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Figure 7. Neuronal-targeted TFEB knockdown inhibits ALP function. (a) Immunoblots showing the expression of proteins related to ALP in the cortex of sham-operated or
pMCAO-treated rats injected with GFP-Scramble or shTfeb vectors at 6 h after pMCAO. (b–g) Quantification of the immunoblotted proteins in the cortex extracts. Statistical
comparisons were carried out with ANOVA followed by Tukey’s test. Data are presented as mean ± SEM from 4 rats in each group. ***p < 0.001, **p < 0.01, *p < 0.05 vs. sham
+ Scramble group; ###p < 0.001, ##p < 0.01, #p < 0.05 vs. pMCAO (6 h) + Scramble group. (h) Neuronal TFEB knockdown reduced the colocalization of LAMP1 and CTSD.
Representative images showing the colocalization of LAMP1 (blue) and CTSD (red) in GFP-positive neurons (green) in the cortex of sham-operated or pMCAO-treated rats; scale
bar: 20 μm. High-magnification images of the boxed areas are shown in the inserts; scale bar: 10 μm. (i) RT-qPCR analysis showing mRNA expression of ALP markers including
Tfeb, Lamp1, Ctsb, Ctsd, Map1lc3b and Sqstm1 at 6 h in the cortex of sham- or pMCAO-operated rats injected with GFP-Scramble or shTfeb vectors. ***p < 0.001, **p < 0.01,
*p < 0.05 vs. sham+ Scramble group; ###p < 0.001, ##p < 0.01 vs. pMCAO (6 h)+ Scramble group.
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(LAMP1 and CTSD), elevated CTSB activity and the increased
colocalization of LAMP2 and CTSB. These markers then
declined at the later stages of pMCAO or OGD. In addition,
in the presence of CQ, the LC3-II level was increased from 3 h
to 6 h after the onset of ischemia but was not further upre-
gulated from 12 h to 24 h. All these data suggested that ALP
function after ischemic stroke was enhanced and then
impaired, thus resulting in the abnormal accumulation of
autophagosomes and substrates.

Since TFEB was recently discovered as a major regulator of
the ALP [16] as well as being a potential therapeutic target to
rescue myocardial ischemic injury [19] and neurodegenera-
tion [22], we are interested in its role in regulating ALP
function and cerebral ischemic insult. In the present study,

we found that at 6 h after pMCAO both the mRNA and total
protein level of TFEB were significantly upregulated. It is
noted that the nuclear translocation of TFEB occurs earlier
than Tfeb transcriptional activation after pMCAO. To some
extent, the increase of the total protein level of TFEB may be
due to positive feedback on its own transcription [36].
Additionally, there was marked accumulation of TFEB protein
in the nuclear subfraction with a corresponding decline in the
cytoplasmic subfraction, suggesting that there was significant
translocation of TFEB into the nucleus from 3 h to 6 h after
pMCAO or OGD. After that, the abundance of total TFEB
was progressively restored, with a subsequent decrease in the
level of nuclear fraction. Thus, the data indicate that at the
early stage of ischemia, TFEB function was activated, as

Figure 8. Neuronal-targeted TFEB knockdown aggravates the ischemic injury. (a) Representative images showing the abundance of neurons (red) in the cortex in
sham-operated or pMCAO-treated rats injected with GFP-Scramble or shTfeb vectors; scale bar: 20 μm. High-magnification images of the boxed areas are shown in
the inserts; scale bar: 10 μm. (b) Representative images of brain infarct volume in rats injected with GFP-Scramble or shTfeb vectors. (C–E) Quantification of infarct
volume, brain water content and neurological scores in rats injected with GFP-Scramble or shTfeb vectors at 6 h after pMCAO. *p < 0.05 vs. sham + Scramble group;
#p < 0.05 vs. pMCAO (6 h) + Scramble group.
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reflected by its translocation to the nucleus, and this was
accompanied by increased total TFEB expression, especially
nuclear expression. Furthermore, as ischemia progressed, a
gradual decrease of TFEB function occurred, as indicated by
the reduced nuclear accumulation of TFEB. Consistent with
recent studies demonstrating that the TFEB-mediated activa-
tion of ALP mainly occurred in neurons [20–22], we revealed
that the functions of ALP and TFEB after pMCAO in rats
were both activated mainly in neurons, but not in other brain
cells. However, this finding does not rule out the possibility
that TFEB and autophagy may occasionally be expressed in
other neural cells, such as microglia and astrocytes, but can-
not be detected with our limited means.

Because the variation in TFEB translocation was closely
associated with the changes in ALP function, it is reasonable
to assume that neuron-targeted TFEB may rescue the dys-
function of ALP and alleviate the ischemic insult following
pMCAO. To confirm this hypothesis, we conducted AAV-
mediated neuronal-specific overexpression of TFEB. As
expected, the in vivo data showed that overexpression of
TFEB was effective in reversing the ischemic-induced accu-
mulation of autophagosomes and substrates at 48 h after
ischemic insult. Furthermore, a sustained increase in markers
of lysosomal function was detected. Importantly, aggravation
of the neuronal injuries and development of behavioral
impairments were markedly prevented. These observations
suggested that genetic manipulation to elevate the exogenous
TFEB level in neurons was able to protect neurons from
ischemic toxicity at the late stage of pMCAO through
enhancement of ALP function. Furthermore, we found that
overexpression of TFEB started to exert a beneficial effect on
ischemic injury as early as 6 h after pMCAO, and this was
accompanied by decreased accumulation of autophagosomes
and substrates, and enhanced lysosomal functions. These
observations indicated that neuron-specific transduction of
TFEB enhanced ALP function and alleviated the ischemic
injuries, starting as early as 6 h and lasting up to 48 h after
ischemia.

In further support of the central role of TFEB in respond-
ing to ischemic insult, we used an in vivo neuron-specific
AAV approach to downregulate TFEB. TFEB knockdown
significantly upregulated LC3 and ubiquitinated proteins at
6 h following pMCAO, which is suggestive of an accumula-
tion of autophagosomes and substrate. Accordingly, knock-
down of TFEB caused a significant reduction in the mRNA
levels of ALP-related target genes, namely Map1lc3b, Sqstm1,
Lamp1, Ctsb and Ctsd, not only in the sham group but also in
the pMCAO group. The opposite trend was seen when TFEB
was overexpressed. However, it is noteworthy that the change
of the Map1lc3b mRNA level was opposite to the change of its
protein level under both TFEB overexpression and knock-
down conditions. Accompanied by the responsive change of
ALP function, this phenomenon may be due to dynamic
regulation of ALP by TFEB through coordinating autophagy
with lysosomal clearance [21]. Moreover, we found that
knockdown of TFEB triggered a further loss of neurons and
the development of behavioral impairments, as indicated by
increased levels of MAP2, aggravation of infarct volume, brain
water content and neurological scores. Notably, a recent study

has demonstrated that inhibition of autophagy can stabilize
the lysosomal membrane, thus blocking the cathepsin-medi-
cated apoptotic signaling pathway; this suggests a ‘dark side’
of autophagy in ischemic insult [12]. However, other findings
indicate that activation of autophagy can protect cells from
death after cerebral ischemia [1,14,37,38]. The present study
supports the idea that neuronal-targeted TFEB-mediated acti-
vation of ALP function may play a pro-survival role at the
early stage of pMCAO.

It is well known that TFEB is a member of the MiT/TFE3
protein family, which also contains MITF, TFEC and TFE3
[39]. We showed that, similar to TFEB, the expression of these
3 molecules and their possible translocation to the nucleus
were increased in rat cortex following pMCAO. Given the key
role of TFEB in the regulation of autophagy and lysosome
function [16,40], the present study mainly focused on the role
of TFEB on ALP function and ischemic damage following
pMCAO. Notably, we found that knockdown of TFEB did
not influence the expression of MITF, TFEC and TFE3. This
indicates that the key role of TFEB in ALP regulation after
ischemic stroke observed in the present study occurs without
any interference by other members of the MiT/TFE3 family
(Figure S3(h–k)). Of course, future investigations will be
necessary to determine whether and how MITF, TFEC and
TFE3 affect ALP functions and ischemic injuries.

To clarify the possible signals upstream of TFEB nuclear
translocation induced by ischemia at the early stage of ische-
mia, pharmacological manipulations of PPP3/calcineurin and
MTORC1 were used to determine whether TFEB transloca-
tion to the nucleus is dependent on the phosphatase activity of
PPP3/calcineurin or the kinase activity of MTORC1. We
found that CsA, but not rapamycin, PP242, Torin1 or MHY,
was able to reverse the OGD-mediated TFEB translocation.
This finding suggested that TFEB translocated to the nucleus
at the early stage of ischemia through the activation of PPP3/
calcineurin. In fact, PPP3/calcineurin activation has been
reported to respond to ischemic conditions in OGD-induced
neuronal death [41],[] and PPP3/calcineurin-dependent TFEB
nuclear translocation [42] is involved in the induction of
autophagy [43,44]. The data here confirmed the potential of
PPP3/calcineurin to regulate TFEB function after ischemic
stroke. However, the present data did not indicate a role of
MTORC1 in the regulation of TFEB function as reported
previously [26,45]. This issue needs to be further studied.
Similarly, a recent study demonstrated that the lysosomal
calcium-dependent PPP3/calcineurin signaling pathway regu-
lates autophagy by activating a TFEB-mediated transcriptional
program independently from MTOR [30]. It is reasonable to
consider that the intracellular Ca2+ level may be a possible
regulatory signal upstream of PPP3/calcineurin-TFEB,
because ischemia/hypoxia may induce the elevation of cyto-
plasmic Ca2+ levels [45,46]. As shown in Figure 4(c), in OGD-
treated cortical neurons, the intracellular Ca2+ level was sig-
nificantly increased at the early stage of OGD, and returned to
the basal level thereafter, which is consistent with a previous
reports [46]. Furthermore, lines of evidence have indicated
that intracellular Ca2+ may regulate TFEB phosphorylation at
least in part through the PPP3/calcineurin signaling pathways
[47,48], especially in autophagy [29]. These data suggest the
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possibility that the intracellular Ca2+-dependent PPP3/calci-
neurin pathway may be an upstream regulator of TFEB func-
tion at the early stage of ischemia.

In the model proposed here (Figure 9), at the early stage of
ischemia, intracellular Ca2+ levels increase and PPP3/calci-
neurin is activated, which results in TFEB dephosphorylation
and translocation of TFEB into the nucleus. Nuclear TFEB
would then induce the transcription of its target genes,
including Tfeb, leading to a significant increase in lysosome
functions. This would result in neuronal survival and protec-
tion from ischemic damage. As intracellular Ca2+ decreases,
PPP3/calcineurin activity and TFEB function may subse-
quently decrease, coupled with a progressive decline of lyso-
some functions, and ischemic injuries would finally occur,
especially at the late stage of ischemia. These degenerative
changes can be significantly rescued by overexpression of
TFEB, which results in protective effects against ischemic
injuries, starting as early as 6 h and lasting up to 48 h after
ischemia.

In summary, the current study provides the first evidence
that ALP function is enhanced at the early stage of the
ischemic process, accompanied by increased TFEB expres-
sion and nuclear translocation. Activation of TFEB occurs
especially in cortex neurons, and appears to be mediated at
least in part through the action of PPP3/calcineurin. During

the late stage of ischemia, a progressive decline in lysosomal
activity occurs, along with accumulation of autophagosomes
and substrates as well as more serious ischemic injuries.
These changes are coupled with a gradual decrease of
nuclear TFEB expression. Importantly, neuronal-targeted
TFEB rescues the ALP dysfunction, thus alleviating the
ischemic injury after permanent cerebral ischemia. These
results highlight TFEB as a key player in the pMCAO-
mediated dysfunction of ALP and ischemic insult, and iden-
tify TFEB as a promising target for therapies aimed at
neuroprotection in cerebral ischemia.

Materials and methods

Animals

Adult male Sprague-Dawley rats, 280–300 g at the time of
surgery, supplied by the Experimental Animal Centre of
Shenyang Pharmaceutical University, were housed 4 to 5 per
cage under standard housing conditions 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 Shenyang Pharmaceutical
University.

Figure 9. Neuron-targeted TFEB rescues ALP dysfunction, alleviating ischemic injury in permanent cerebral ischemia. Here, we highlight the central role of neuronal
TFEB in regulating ALP function and ischemic injury. In this model, at the early stage of ischemia, intracellular Ca2+ levels increase, leading to activation of PPP3/
calcineurin, which results in TFEB dephosphorylation and translocation of TFEB into the nucleus. Nuclear TFEB would then induce the transcription of its target genes,
including Tfeb itself, thereby increasing lysosome functions, and leading to improved neuronal survival and protection from ischemic damage. As intracellular Ca2+

decreases, PPP3/calcineurin activity and TFEB function may subsequently decrease, coupled with a progressive decline of lysosome functions and an increase in
ischemic injuries, especially at the late stage of ischemia. This model suggests that neuronal targeting of TFEB may rescue the dysfunctional ALP and alleviate the
ischemic injury following pMCAO.
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Rat permanent middle cerebral artery occlusion model

Rats were anesthetized with isoflurane. Through a ventral mid-
line 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 4–0
nylon suture (Φ0.26 mm), with its tip embedded in paraffin,
was inserted from the right CCA to the ICA and then to the
circle ofWillis to occlude the origin of the right middle cerebral
artery [49]. Sham-operated rats received the same surgical
procedures without the pMCAO. The animals were sacrificed
at the indicated time for relevant detection.

Drug administration

To determine the effects of the autophagy inhibitor chloro-
quine (Sigma, C6628) on ischemic neuronal injury, rats were
treated with intraperitoneal injection of CQ (60 mg/kg) at the
onset of pMCAO [50]. For primary neurons, the indicated
concentration of CQ (10 μM) was dissolved in normal culture
medium and added to the cells at the onset of OGD. Control
cells were given equal medium or CQ in glucose-containing
DMEM (Gibco, C11995500BT). To determine the effects of
the MTOR inhibitors and agonist on ischemic neuronal
injury, the inhibitors of MTOR rapamycin (10 µM; Selleck,
S1039), PP242 (4 µM; Selleck, S2218), Torin1 (500 nM;
Selleck, S2827) and the MTOR agonist MHY1485 (50 µM;
Selleck, S7811) were dissolved in DMSO, diluted with normal
culture medium and pre-incubated with primary neurons for
12 h. After that, the medium was replaced with glucose-free
DMEM containing the above compounds for 6 h-OGD treat-
ment. To determine the role of PPP3/calcineurin in this
process, CsA (10 μM; Selleck, S2286) was added at the onset
of OGD. Control cells were given normal medium, normal
medium with 0.1% DMSO, rapamycin, PP242, Torin1,
MHY1485 and CsA in glucose-containing DMEM. The high-
est concentration of DMSO present in experimental condi-
tions (0.1%) was not toxic to the cells.

Cell culture and OGD procedures

Newborn rats within 24 h were used. Briefly, cerebral cortices
were dissected, minced, trypsinized (0.25%) and mechanically
dissociated with a Pasteur pipette. Cells were seeded into 96-
or 6-well plates (1.0 × 106 cells/ml) pre-coated with 0.01%
poly-L-lysine, and cultured in Neurobasal medium (Gibco,
21103049) supplemented with 2% B27 (Gibco, 17504044)
and 100 U/ml penicillin, 100 μg/ml streptomycin.

For OGD treatment, cells were rinsed once with warm
glucose-free DMEM (Gibco, 11966025), and then refreshed
with O2- and glucose-free DMEM (pre-balanced in an O2-free
chamber at 37°C). Cells were then immediately placed in a
sealed chamber (Billups-Rothenburg, MIC-101) loaded with
mixed gas containing 5% CO2 and 95% N2 for 5 min at 20 L/
min. Primary neurons were incubated at 37°C for the indi-
cated time.

For MTT assay, cells were seeded in 96-well plates and
grown in 200 μl of culture medium. After OGD treatment,
MTT (20 μl, 5 mg/ml; Sigma, M5655) was added into each

well. The cells were cultured with MTT for 4 h, then the
supernatant was discarded and 200 μl DMSO were applied
to dissolve the formazan. The absorbance was measured at
560 nm wavelength with a microplate reader, with 630 nm as
reference wavelength.

Calcium imaging

After OGD treatment, cells were washed with HBSS (calcium-
free; Gibco, 14175095) to thoroughly remove the serum and 5
μM Fluo 4-AM (Dojindo Laboratories, F312) in HBSS (cal-
cium-free) was added for 60 min at 37°C. The cells were then
washed 3 times with HBSS and incubated in HBSS (calcium-
free) for another 30 min to finish the deesterification. Images
were then captured to detect the fluorescence intensity of the
cells.

AAV vector packaging and delivery in vivo

For TFEB knockdown, a selected shRNA sequence for rat Tfeb
and a scramble control were inserted into the AAV vector.
The final recombinant for TFEB knockdown, a selected
shRNA sequence for rat Tfeb and a scramble control were
inserted into the AAV vector. The final recombinant AAV2/9
expression cassette was ITR- CAMK2A/CaMKIIa-EGFP-Flag-
Mir30 shTFEB-WPRE-hGHpolyA-ITR (CAMK2A [calcium/
calmodulin-dependent protein kinase II alpha]; EGFP,
enhanced green fluorescent protein). The sequence of Tfeb
shRNA was selected by co-transfecting the expression vector
AAV-Syn1-Flag-TFEB-WPRE-hGHpolyA and the siRNA vec-
tor AAV-CAMK2A/CaMKIIa-EGFP-Mir30 shTfeb into pri-
mary neurons with Lipofectamine 3000 (Invitrogen,
L3000015). The shRNA sequences used in this study were:
Tfeb shRNA: 5′-CTGCTACACATCAGCTCCAATC-3′,
scramble shRNA: 5′-CGGAAGTVGTGAGAAGTAGAAT-3′.
The vectors were confirmed by sequencing.

For TFEB overexpression, the coding regions of TFEB were
amplified from rat cDNA by real-time quantitative reverse
transcription polymerase chain reaction (RT-qPCR) and
were cloned into the AAV plasmids. The final recombinant
AAV2/9-TFEB-overexpression expression cassette was ITR-
Syn-Flag-TFEB-WPRE-hGHpolyA-ITR (ITR, inverted term-
inal repeat; Syn1 [synapsin I] promoter; WPRE, cis-acting
woodchuck post-transcription regulatory element;
hGHpolyA, human growth hormone transcription termina-
tion sequence). The vector was confirmed by sequencing.

The resultant AAVs were packaged at Obio Technology
Company (Shanghai, China). The packaged AAVs were con-
centrated in phosphate-buffered saline (PBS; HyClone,
sh30256.01) at the following titers: AAV-TFEB-overexpres-
sion (5.29 × 1012), AAV-Mir30 shTFEB (2.15 × 1013) and
AAV-Mir30 shScramble (5.13 × 1012) genome copies per
milliliter.

The stereotactic delivery of AAV vectors into the cortex
was performed after the rats at 150–180 g were anesthetized
with isoflurane. Briefly, 2 μl of AAV particles were injected
into the cortex at 3 sites (AP + 1.2 [site 1], 0.3 [site 2], −0.6
[site 3]; ML + 5.5; DV −3.5 mm from the skull) [51] as
reported. The injection was carried out by inserting a 33G
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Hamilton syringe with an automatic injector at the rate of 0.5
μl/min. To prevent reflux, the needle was left in place for
additional 5 min, withdrawn a short distance and then left in
the new position for another 2 min before removal. The rats
were allowed 4 weeks of recovery before being subjected to
the pMCAO surgery [26,52].

Measurement of cerebral infarct volume, brain water
content and neurological scores

To investigate the infarct volume, rats were sacrificed by decapita-
tion at the indicated time and their brains were quickly removed,
and then sliced into 5 coronal sections at 2-mm intervals. The
sections were incubated in a 1% solution of 2,3,5-triphenyltetra-
zolium chloride (TTC; Sigma, T8877) at 37°C for 20min and then
photographic images were taken. Infarcted areas were measured
using Pro Plus 6.0. The percentage of the corrected infarct volume
was calculated by dividing the infarct volume by the total con-
tralateral hemispheric volume, and this ratio was then multiplied
by 100. The brain water content was determined as an indicator of
cerebral edema using a wet/dry method as previously described
[53]. The cross-sectional areas, with or without infarction, in each
brain slice were measured using ImageJ analysis software (version
1.6, National Institutes of Health, Bethesda, MD, USA). The total
mean infarct area of each section was examined by the change in
coloration [54]. Neurological function was evaluated with the
modified Neurological Severity Score (mNSS) test [55]. Each
function is graded on a scale of 0 to 18 (normal score, 0; maximal
deficit score, 18). Higher scores indicate more severe behavioral
deficits.

Immunoblotting

At different time points after pMCAO, brain tissues from the
ischemic striatum and cortex of the right middle cerebral artery
territory as well as the corresponding area of sham-operated rats
were rigorously homogenized in RIPA buffer (Beyotime
Biotechnology, P0013B). For total cytosolic and nuclear proteins
extraction, an isolation kit (CW biotech, CW0199) was used
according to the manufacturer’s instructions. For solubility frac-
tionation, tissues were lysed in a lysis buffer containing 1% Triton
X-100 (Solarbio, T8200). Lysates were centrifuged to separate
pellets fromsupernatants. Pelletswere resuspended in a lysis buffer
containing 1% SDS and then subjected to centrifugation at
12,000 × g, 15 min. Supernatants (Triton X-100-soluble fraction)
or resuspended pellets (Triton X-100-insoluble fraction) were
boiled in SDS sample buffer and subjected to SDS-PAGE and
immunoblotting. The protein concentration was determined
using a BCA kit (Beyotime, P0012). An aliquot of 25–30 μg of
total protein from each sample was separated by 10%-12% SDS-
polyacrylamide gel electrophoresis using a constant current.
Proteins were subsequently transferred to a 0.22-μmnitrocellulose
membrane (Pall Life Sciences, 66485) or a 0.45-μmpolyvinylidene
fluoride membrane (Millipore, IPVH00010), which were subse-
quently incubated with 5% skimmed milk in Tris-buffered saline
(Solarbio, T8060) with 0.1%Tween 20 (Solarbio,T8220) (TBST) at
room temperature for 1 h. Afterwards, the membranes were
incubated with the corresponding primary antibody against
ACTB/β-actin (1:1000; Santa Cruz Biotechnology, sc-47778),

LC3 (1:1000; MBL, PM036), SQSTM1 (1:1000; Abcam,
ab56416), LAMP1 (1:500; Abcam, ab24170), CTSB/cathepsin B
(1:500; Millipore, 06180-1), CTSD/cathepsin D (1:500; Santa Cruz
Biotechnology, sc-6487), ubiquitin (1:500; Santa Cruz
Biotechnology, sc-8017), TFEB (1:500; Mybiosource,
MBS129149), MITF (1:500; Abcam, ab20663), TFEC (1:500;
Abcam, ab185226), TEF3 (1:1000; Sigma, HPA023881), LMNB/
lamin B (1:500; Proteintech, 12987-1-AP), GFP (1:1000; Abcam,
ab13970), Flag (1:1000; Sigma, F1804), TUBB1/β-tubulin (1:1000;
Sigma, T4026), MAP2 (1:500; Synaptic Systems, 188 011), or
PPP3/calcineurin (1:500; Cell Signaling Technology, 2614S) at 4°
C overnight, followed by horseradish peroxidase-conjugated sec-
ondary antibody (1:5000; ZSGB-BIO, ZB-2301; ZB-2305) at room
temperature for 1 h. Between each procedure, the membranes
were washed 5 times in TBST for 6 min each. Immunoreactivity
was detected with an enhanced chemiluminescence ECL (Thermo
Fisher Scientific, 34580) in accordance with the manufacturer’s
instructions. Band patterns were analyzed with ImageJ software
and normalized to the loading control.

Immunofluorescence

Animals were transcardially perfused with PBS (pH 7.4) fol-
lowed by 4% paraformaldehyde (vol:vol). Brains were post-
fixed in 4% paraformaldehyde, immersed in 20% and 30%
sucrose (Solarbio, S8271) until they were observed to sink to
the bottom, and sectioned on a freezing microtome. For
immunofluorescence, sections (20 μm) were washed 3 times
in PBS for 5 min each and in 10 mM trisodium citrate buffer,
pH 6.0 in a microwave bath at 85–95°C for 20 min.
Afterwards, the sections were blocked in 10% normal goat
serum (ZSGB-BIO, ZLI-9056) containing 0.3% Triton X-100
for 1 h at room temperature. Then they were incubated over-
night at 4°C with primary antibody against LC3 (1:200; MBL,
PM036), RBFOX3/NeuN (1:500; Millipore, MAB377), GFAP
(1:500; Sigma, G3893), AIF1/IBA1 (1:500; Millipore,
MABN92), LAMP2 (1:200; Sigma, L0668), LAMP1 (1:200;
Abcam, 24170), CTSB/cathepsin B (1:50; Santa Cruz
Biotechnology, sc-6493), TFEB (1:50; Mybiosource,
MBS129149), or Flag (1:500; Sigma, F1804) in PBS. On the
next day, the slices were washed 3 times in PBS for 10 min
each and then incubated for 1 h at room temperature with
fluorochrome-coupled secondary antibody (1:200; Alexa Fluor
488, Alexa Fluor 555; Beyotime Biotechnology, A0428;
A0516). The slices were then washed 3 times in PBS for
10 min each and incubated with 4ʹ, 6-diamidino-2-phenylin-
dole (DAPI; Sigma, D8417) for 30 min at room temperature.
We detected fluorescence with a fluorescence microscope
(Nikon) and images were processed for background subtrac-
tion using the Nikon C2 Plus with a 60 × objective.
Fluorescence measurement was conducted with Nikon
Instruments Software (NIS-Elements Advanced Research).
The integrated optical density was analyzed by Image-Pro
Plus 6.0 software (Media Cybernetics, Silver Spring, MD).

CTSB activity assay

Rat brain tissue samples (n = 3 each group) were homoge-
nized in a lysis buffer. The homogenates were centrifuged at
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12,000 × g for 10 min at 4°C, and the supernatant was
collected for the measurement of CTSB activity. The protein
concentration of the tissue lysates was determined by a BCA
Protein Assay Kit (Beyotime, P0012). CTSB activity was deter-
mined using a fluorometric CTSB activity assay kit (Millipore,
CBA001) as described by the manufacturer. Briefly, 50 μl of
extract was mixed with 25 μl activating buffer in a 96-well
plate, and then incubated with 25 μl of the synthetic substrate
Z-Arg-Arg AMC in the dark at 37°C for 30 min. Released free
AMC was determined fluorometrically with excitation at
328 nm and emission wavelength at 393 nm. The activity of
CTSB was expressed as fluorescent units/ug protein.

Ppp3/calcineurin activity assay

Preparation of cell extracts
After OGD treatment, cells were rinsed once with ice-cold
TBS. Excess liquid was shaken off and blotted, then the cells
were lysed in 2× buffer (50 mM Tris-HCl, pH 7.5, 0.1 mM
EGTA, 0.1 mM EDTA, 1 mM DTT, 0.2% NP-40 (Solarbio,
N8031), 10 μg/ml leupeptin (Roche, 11017101001), 10 μg/ml
aprotinin (Roche, 10981532001), 50 μg/ml soybean trypsin
inhibitor (Roche, 10109886001). After sedimentation at
16,000 × g in a centrifuge at 4°C for 10 min, the samples
were saved as high-speed supernatants. The protein concen-
tration was determined by the method of Bradford.

Preparation of mouse brain extracts
The sham-operated or pMCAO-treated rats were sacrificed by
decapitation at the indicated time. The cortex was immediately
removed and homogenized on ice with a syringe at 4°C in
50 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, 0.1 mM EGTA,
1 mM DTT, 0.2% NP-40, 1.0 mM phenylmethyl sulfonyl fluor-
ide (Sigma, P7626), 5 μg/ml leupeptin, 5 μg/ml aprotinin and 2
μg/ml pepstatin (Sigma, 10253286001). The tissue homogenates
were centrifuged at 18,000 × g at 4°C for 50 min and the super-
natants were used to detect the phosphatase activity. The protein
concentration was determined by the method of Bradford.

Protein phosphatase assay
PPP3/calcineurin activity was measured as the dephosphorylation
rate of the RII peptide (SciLight Biotechnology, Sequence:
DLDVPIPGRFDRRV(pS)VAAE). The amount of PO4 released
was calorimetrically determined with the classic malachite green
reagent as described previously [56]. The prepared brain extracts
were diluted 1:18 (v:v) in assay buffer. Cellular or brain extracts
(5 µl) weremixedwell with 10 μl RII (0.75mM), and incubated for
30 min at 37°C. Malachite green reagent (100 μl; ENZO, EML-
A111 0250) was added and the color was allowed to develop for

20–30 min, making sure all wells were treated for approximately
the same time. The released inorganic 32P was quantified by
microplate reader. The activity was calculated as the difference in
protein phosphatase activity in 2× assay buffer and 2× EGTA
buffer. The phosphatase activities were presented in the form of
nanomoles of phosphate released/mg of protein/min at 30°C. Each
sample was analyzed in triplicate and the levels of PPP3/calci-
neurin activity were presented as % of the control [57].

RNA extraction, reverse transcription and rt-qpcr

Total RNA was extracted from ipsilateral cortex tissues in
AAV-transduced pMCAO- or sham-operated rats with
TRIzol reagent (Invitrogen, 15596026). Reverse transcription
was performed using oligo (dT) primers. Messenger RNA
(mRNA) was quantified by the SYBR green-based RT-qPCR
kit (Takara, RR820A) and specific oligo primers in a CFX
Connect Real Time PCR Detection System (Bio-Rad). The
primer sequences are shown in Table 1. After an initial dena-
turation step of 95°C for 30 sec, 40 cycles of PCR were
performed. Each cycle consisted of a melting step at 95°C
for 15 sec and an annealing extension step at 60°C for 45
sec. Data were quantified using the ΔΔCt method and nor-
malized to Actb/β-actin expression.

Statistical analysis

Statistical analysis was carried out using SPSS 19.0 software
for Windows (SPSS Inc, Chicago, IL, USA). Western blot and
immunofluorescence results were analyzed with one-way ana-
lysis of variance (ANOVA), followed by Tukey’s test. Data are
expressed as means ± SEM. Infarct area and brain water
content data are expressed as mean ± SEM and were statisti-
cally analyzed using one-way ANOVA followed by
Bonferroni’s post hoc test. mNSS scores are expressed as the
mean ± SEM and were analyzed with Kruskal-Wallis one-way
ANOVA on ranks, followed by Dunn’s method. p < 0.05 was
considered statistically significant.
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Table 1. Primer sequences.

ID Sense primer (5ʹ-3ʹ) Antisense primer (5ʹ-3ʹ)
Tfeb ACAAGGCACCATCCTCA CCAGCTCGGCCATATTCA
Map1lc3b GGAAGATGTCCGGCTCATC CTTCTCACCCTTGTATCGCTCTA
Sqstm1 CATCTTCCGCATCTACATTAA TAGCGAGTTCCCACCACA
Lamp1 CCACGTTCAGCACCTCCA GACCCAAACCTGTCACTTTCTAC
Ctsb AGGCTGGACGCAACTTCTAC ACTGTTCCCGTGCATCAAA
Ctsd CCTGGGCGATGTCTTTATTG GGCAAAGCCGACCCTATT
Actb GAAGTACCCCATTGAACACGG TGGGTCATCTTTTCACGCTTG
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