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Endoplasmic reticulum stress induced
by tunicamycin and thapsigargin protects
against transient ischemic brain injury
Involvement of PARK2-dependent mitophagy
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Transient cerebral ischemia leads to endoplasmic reticulum (ER) stress. However, the contributions of ER stress to
cerebral ischemia are not clear. To address this issue, the ER stress activators tunicamycin (TM) and thapsigargin (TG) were
administered to transient middle cerebral artery occluded (tMCAO) mice and oxygen-glucose deprivation-reperfusion
(OGD-Rep.)-treated neurons. Both TM and TG showed significant protection against ischemia-induced brain injury, as
revealed by reduced brain infarct volume and increased glucose uptake rate in ischemic tissue. In OGD-Rep.-treated
neurons, 4-PBA, the ER stress releasing mechanism, counteracted the neuronal protection of TM and TG, which also sup-
ports a protective role of ER stress in transient brain ischemia. Knocking down the ER stress sensor Eif2s1, which is further
activated by TM and TG, reduced the OGD-Rep.-induced neuronal cell death. In addition, both TM and TG prevented
PARK2 loss, promoted its recruitment to mitochondria, and activated mitophagy during reperfusion after ischemia. The
neuroprotection of TM and TG was reversed by autophagy inhibition (3-methyladenine and Atg7 knockdown) as well as
Park2 silencing. The neuroprotection was also diminished in Park2*- mice. Moreover, Eif2s1 and downstream Atf4 silenc-
ing reduced PARK2 expression, impaired mitophagy induction, and counteracted the neuroprotection. Taken together,
the present investigation demonstrates that the ER stress induced by TM and TG protects against the transient ischemic
brain injury. The PARK2-mediated mitophagy may be underlying the protection of ER stress. These findings may provide
a new strategy to rescue ischemic brains by inducing mitophagy through ER stress activation.
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Introduction calcium overload,® protein synthesis cessation,* and apoptosis.

Reagents that ameliorate ischemia-induced ER stress have a pro-

Focal cerebral ischemia is one of the leading causes of mor-
tality worldwide with limited therapeutic approaches. Cerebral
ischemia disrupts the endoplasmic reticulum (ER) function in
neuronal cells, which is known as ER stress."? The contribution
of ER stress to ischemic brain injury is still not conclusive. ER
stress may ultimately leads to neuronal cell death by inducing
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tective effect on ischemic brain,®” implying that ER stress could
be a crucial mechanism responsible for ischemic brain injury.”
On the other hand, ER stress activates an adaptive program
termed unfolded protein response to deal with the accumulated
malfolded proteins and thus relieve the cerebral ischemia-induced
ER dysfunction.®’ These responses suppress protein translation
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and upregulate ER chaperones, which are sensed by PKR-like
EIF2AK3/elF2a kinase/PERK (eukaryotic translation initia-
tion factor 2-a kinase 3), EIF2S1 (eukaryotic initiation factor
2, subunit 1 o), ERN1/IRE1 (endoplasmic reticulum to nucleus
signaling 1) and XBP1 (X-box binding protein 1) signaling,
respectively.!® Manipulations of these ER stress sensors altered
cell vulnerability to injury.’"'? A recent study has shown that pre-
treatment with ER stressors limits ischemia-induced cardiocyte
injury.!® Therefore, it is very likely that ER stress may protect
against ischemia-induced brain damage, although the underlying
mechanisms remain unclear.!

Autophagy is a bulk degradation process which removes intra-
cellular organelles and proteins in a lysosome-dependent manner.
ER is closely associated with autophagy, since ER is proposed to
be the potential membrane source of autophagosomes,'* and pro-
vides calcium signaling for autophagy induction.”'® Moreover, a
variety of studies indicates that autophagy compensates for dis-
71 suggest-
ing that ER stress may be a trigger for autophagy induction. In

posal of accumulated proteins result from ER stress,

the context of cerebral ischemia, the role of autophagy is under
debate. Although several studies have proposed its detrimental

roles’Z(),Zl

our recent findings suggest that autophagy may have
different actions in permanent and transient focal ischemia.?
The circulation restored after ischemia may be a critical deter-
minant for switching the actions of autophagy from detrimental
to protective. In particular, we found that in the reperfusional
phase after ischemia, the damaged mitochondria are cleared by
autophagy-related mechanisms, which are termed mitophagy,
and consequently reduced mitochondria-dependent neuronal cell
apoptosis.?? This study suggests a neuroprotective role of mitoph-
agy and implies that activation of mitophagy may be a potential
therapeutic strategy against transient cerebral ischemia.

Therefore, in the present study, we hypothesize that ER stress
might protect neurons against ischemia-reperfusion-induced
injury through activation of mitophagy. We further investigate
the mechanisms by which ER stress induces mitophagy in the
context of cerebral ischemia.

Results

Tunicamycin and thapsigargin protected against ischemia-
reperfusion (I-R)-induced brain injury

Tunicamycin (TM) and thapsigargin (TG) were icv injected
at the indicated dosage prior to transient middle cerebral artery
occlusion (tMCAQO). The brain infarct volumes were determined
by TTC assay 24 h after surgery. The TM and TG dose-depend-
ently reduced the brain infarct within the range of 0.3 to 3 pg
and 2 to 20 ng, and the maximal protection was achieved at 3
g and 20 ng, respectively. However, there was no protection at
a higher dosage (Fig. 1A and B). Accordingly, the neurological
deficient scores mirrored the results of infarct volume, indicating
the protection of TM and TG (Fig. 1C). These data suggested a
neuroprotective role of ER stress in reperfusion after ischemia.

To verify the observation, the glucose uptake ratio in differ-
ent groups was measured by micro positron emission tomography
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(microPET) assay, which indicates tissue viability. The tMCAO
treatment resulted in significant brain injury as reflected by
decreased glucose uptake, which could be partly reversed either
by 3 pg TM or 20 ng TG. These data further confirmed the neu-
roprotection revealed by the TTC assay (Fig. 1D and E).

TM and TG alleviated OGD-Rep.-induced cell apoptosis

The primary cultures of neuronal cells were subjected to oxy-
gen-glucose deprivation (OGD) treatment for 2 h. The reperfu-
sion was performed by refreshing the cells with normal medium,
which contains the indicated concentrations of TM or TG. As
the results show in Figure 2, both TM and TG reversed the
OGD-Rep.-induced cell apoptosis at a dosage of 0.2 ng/L and
0.4 nmol/L, respectively. Similar to the results in vivo, higher
concentrations did not show the neuroprotection. Moreover, the
neuroprotection can be partly compromised by cotreatment with
4-PBA, a compound that ameliorates ER stress, while 4-PBA
alone aggravated cell apoptosis induced by OGD-Rep. To deter-
mine the involvement of mitochondria-dependent apoptosis,
mitochondrial membrane potential (Aysm) as well as reactive oxy-
gen species (ROS) generation were examined. The results showed
that both TM and TG partly reversed the Aym loss and ROS
generation revealed by JC-1 and DCFH-DA staining, respec-
tively. Furthermore, both TM and TG treatment counteracted
the CYCS release from mitochondria to cytosol. Cleaved CASP3
(caspase 3) was regulated accordingly, which also reflected that
TM and TG protected against I-R-induced apoptotic cell death
(Fig. 2).

TM and TG further activated I-R-induced mitophagy

We have previously reported that autophagy can be activated
by I-R, which subsequently protects from ischemic brain injury
by inducing mitophagy. To explore the involvement of autophagy
in ER-stress-mediated neuroprotection, GFP-LC3 puncta in pri-
mary neuronal cells were counted after OGD-Rep. treatment.
As shown in Figure 3B, TM and TG only slightly increased
puncta number, and LC-31I expression was not further increased
as determined by western blot. However, both TM and TG sig-
nificantly reduced the SQSTMI level. Recent investigations have
found that SQSTMLI is selectively recruited to mitochondria dur-
ing mitophagy,?*** which implies that mitophagy is selectively
induced by ER stress. To address this, the overlap between mito-
chondria and GFP-LC3-labled autophagosomes was quanti-
fied. It was found that both TM and TG further increased the
overlap coefficient between mitochondria and autophagosomes
(Fig. 3A and C). Furthermore, both of the mitochondrial mark-
ers TOMM20 and COX4I1, and the m#-Atp6/Rpl13 ratio, which
reflect the relative amount of mitochondria, were found signifi-
cantly decreased compared with OGD-Rep. alone group (Fig. 3D
and E). To confirm that the mitochondria loss was autophagic,
the lysosome inhibitor chloroquine was employed, which signifi-
cantly reversed the reduction in TOMM?20, COX4I1 and -
Atp6/Rpl13. (The semiquantitative analysis of western blot bands
is shown in Figure S1.The possible contributions of reduced tran-
scription to TOMM20 and COXA4I1 protein loss can be excluded
by gqRT-PCR, which revealed that both 70mm20 and Cox4il
mRNA were not further reduced with TG and TM treatment
during reperfusion (Fig. S2). To confirm that mitophagy was
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Figure 1. Tunicamycin (TM) and thapsigargin (TG) protected against ischemia-reperfusion-induced brain injury. Mice were subjected to middle cerebral
artery occlusion for 1 h, and reperfusion was allowed by removing the monofilament suture. The indicated dosages of TM or TG were injected icv at
the onset of reperfusion. (A) Animals were euthanized 24 h after MCAO and infarct volumes were determined by TTC staining in the bar charts (mean
+ SD, n = 6). (B) Representative TTC-stained brain slices from each group are shown. (C) The neurological deficit scores of each group are presented.
(D) Representative coregistration of MicroPET and MRI images of mice. Three micrograms TM, 20 ng TG or the same saline volume was administered icv
at the onset of reperfusion, respectively; 24 h after reperfusion, T2-weighted MRI scanning mouse brain was obtained. '®*F-FDG (activity ~300 Ci/mmol)
was administered to mice under halothane anesthesia. After a quiet uptake period of 60 min, a 20 min static acquisition of MicroPET scan was performed.
(E) Ratio of region was normalized to contralateral brain uptake (mean + SD, n = 4). Statistical analysis was performed with one-way ANOVA followed by

the Dunnett t test; *P < 0.05, **P < 0.01, ***P < 0.001 vs. saline (B and C) or indicated group (E).

activated by ER stress, SQSTM1 and mitochondria were visual-
ized by immunostaining and Mito-DsRed labeling, respectively.
The results showed increased overlap between SQSTMI and
mitochondria following TM and TG treatment. Overall, these
results indicated that I-R-induced mitophagy can be further aug-
mented with TM and TG treatment.

Autophagy suppression compromised the neuroprotection
of TM and TG

To further clarify whether the activated mitophagy is involved
in the neuroprotection of TM and TG, autophagy was blocked
either by 3-MA or Arg7 knockdown. As shown in Figure 4A, icv
injection of 7.5 pug 3-MA reduced tMCAO-induced autophagy
as revealed by LC3-II level. Importantly, combined administra-
tion of 3-MA almost completely blocked the neuroprotection
conferred by TM and TG. Furthermore, the autophagy pro-
cess in cultured neurons was blocked by knocking down Azg7; a

www.landesbioscience.com

Autophagy

gene essential for autophagy induction, leading to the antiapop-
tosis effects of TM and TG significantly reversed (Fig. 4B). In
addition, mdivi-1 was administered to specifically inhibit the
mitophagy process by blocking DNMIL, which is involved in
mitochondrial fission. As shown in Figure 4C, mdivi-1 impaired
the antiapoptosis effects of TM and TG. These data suggested
that reinforcing ER stress during reperfusion protects the neuro-
nal cells by, at least partly, inducing mitophagy.

PARK2 was responsible for the neuroprotection of TM and
TG

PARK2 has been demonstrated to play a crucial role in
mitophagy induction in mammalian cells. We previously pro-
vided evidence indicating that PARK2 may be involved in the
mitophagy process of neuronal cells in the context of I-R.?? Here,
we found that both TM and TG increased the recruitment of
PARK2 to mitochondria in OGD-Rep.-treated neurons, but not
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Figure 2. Tunicamycin (TM) and thapsigargin (TG) attenuated oxygen-glucose deprivation-reperfusion (OGD-Rep.)-induced apoptosis in primary neu-
ronal cell cultures. Primary cultured neurons were subjected to OGD for 2 h, and treated with the indicated dosage of TM, TG, or 4-PBA during reper-
fusion. After 24 h of reperfusion, the cell apoptosis rate with treatment of TM (A), TG (B) or 4-PBA alone (C) was were determined by TUNEL and DAPI
staining. (D) The mitochondrial membrane potential was detected by JC-1 staining. (E) Reactive oxygen species generation was detected by DCFH-DA
staining. (F) CYCS levels in both cytosol (cyto.) and mitochondria (mito.) fractions were determined by western blot. (G) Cleaved-CASP3 expression was
determined by western blot and semiquantitative levels are shown in the bar chart (mean + SD, n = 3). Statistical comparisons were performed with
one-way ANOVA followed by the Dunnett t test; **P < 0.01 and ***P < 0.001 vs. the indicated group.

in intact ones (Fig. 5A). The neuroprotection of TM and TG can
be significantly counteracted by PARK2 knockdown in primary
cultured neurons (Fig. 5C). Notably, the neuroprotective effect
of TM was greatly attenuated in heterozygous Park2 knockout
mice (Park2*~), in which mitochondria clearance was largely
impaired as reflected by the relative TOMM?20 level, which was
retained (Fig. 5B). Conversely, GFP-PARK2 plasmid-transfected
Neuro2a cells showed decreased vulnerability to OGD-Rep.
insult. The protection was not observed in cells transfected with
GFP-PARK2AUBL, which encodes a mutant PARK2 protein
without the ubiquitin E3 ligase activity (Fig. 5E). Consistently,
PARK2 transfection but not PARK2AUBL  transfection,
enhanced mitophagy, as reflected by a decreased TOMM20 level,
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suggesting that the E3 ligase function of PARK2 was essential
for cells survival against ischemic injury (Fig. 5D). Therefore,
these results indicated that PARK2-induced mitophagy may be
required for ER stress-induced neuroprotection.

The EIF2S1-ATF4 signaling pathway was involved in TM
and TG-induced PARK2 regulation

To further explore the mechanisms by which TM and TG
upregulate PARK2 expression, the EIF2S1-ATF4 signaling
pathway was investigated. Both TM and TG further increased
OGD-Rep.-induced EIF2S1 phosphorylation and ATF4 expres-
sion. Simultaneously, PARK2 was also further upregulated
(Fig. 6A). In addition, immunocytochemical staining revealed
that both TM and TG promoted the translocation of ATF4 to
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Figure 3. Tunicamycin (TM) and thapsigargin (TG) further activated oxygen-glucose deprivation-reperfusion (OGD-Rep.)-induced mitophagy in pri-
mary cultures of neuronal cells. Primary neuronal cultures were subjected to OGD for 2 h, and treated with 0.4 nmol/L TG or 0.2 ng/L TM at the onset of
reperfusion. (A) Neuronal cells were previously transfected with GFP-LC3 and Mito-DsRed by viral vector infection. After 1 h of reperfusion, fluorescent
images were captured by confocal microscopy. Images show representative examples from 3 independent experiments. (B) Columns represent the
number of GFP-LC3-positive puncta per cell. At least 5 random fields from one section and 3 to 6 sections were averaged in each independent experi-
ment. The bar chart shows mean + SD values of puncta number from at least 3 independent experiments; at least 50 cells were counted in each group.
(€) Columns represent the Manders overlap coefficient of Mito-DsRed and GFP-LC3. At least 44 cells from 3 independent experiments for each group
were included. (D) After 6 h of reperfusion, the LC3, SQSTM1, TOMM20 and COX4l11 protein levels were determined by western blot analysis in the pres-
ence or absence of chloroquine. (E) Six hours after reperfusion, relative mitochondrial DNA (mtDNA) levels indicated as the mt-Atp6 (mitochondria-
encoded DNA)/Rpl13 (nucleus-encoded DNA) ratio were assessed by real-time PCR. (F) Cells were previously labeled with Mito-DsRed and 6 h after
reperfusion, SQSTM1 was determined by immunostaining. (G) The columns represent the Manders overlap coefficient of Mito-DsRed and SQSTM1. At
least 29 cells from 3 independent experiments for each group were included. The experiments were repeated independently at least 3 times. The data
are expressed as mean * SD. Statistical comparisons were performed with one-way ANOVA followed by the Dunnett t test. **P < 0.01, ***P < 0.001 vs. the
indicated group. #P < 0.01 vs. OGD-Rep. alone group.

the cell nucleus, which indicated ATF4 activation (Fig. 6B). were silenced by shRNA. It was shown that either Eif2s1, Atf4,
To further confirm that the EIF2S1-ATF4 signaling pathway or Park2 knockdown reversed the TG-induced enhancement of
is responsible for mitophagy induction, Eif2s1, Atf4, and Park2 mitochondria loss in the context of OGD-Rep., as revealed by
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Figure 4. Mitophagy inhibition blocked the protection of tunicamycin (TM) and thapsigargin (TG).
(A) Mice were subjected to middle cerebral artery occlusion for 1 h, infarct volumes and neurological
deficit scores were measured 24 h after reperfusion. 7.5 g of 3-methyladenine (3-MA) was icv injected
either with 3 g TM, 20 ng TG or alone at the onset of reperfusion. (B) Atg7 was knocked down in pri-
mary cultured mice cortical neurons by pretreating cells with a lentivirus containing Atg7-shRNA (Atg7
siRNA); control cells were treated with scrambled shRNA (Scr.). The silencing effect was identified by
western blot (upper panel). Cells were then subject to 2 h OGD followed by 24 h of reperfusion, and all
the reagents indicated were administered at the onset of reperfusion. Cell apoptosis rate was deter-
mined by TUNEL staining after 24 h of reperfusion. (C) Cells were treated with 25 umol/L mdivi-1 at the
onset of reperfusion with or without TM and TG. TUNEL staining was performed 24 h after reperfusion.
The data are expressed as mean + SD. Statistical comparisons were performed with one-way ANOVA
followed by the Dunnett t test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the indicated group.

it seems that E7f2s] and A#f4 silencing
reduced PARK2 expression in neu-
rons in steady-state conditions. The
dose- and time-dependent effect was
observed in the neurons, after lentivi-
rus-mediated knockdown. (Fig. S3)
Taken together, these data suggested
that EIF2S1-ATF4 signaling may be
involved in PARK2 upregulation fol-
lowing TM and TG-induced ER stress,
and subsequently protects the cells by
mitophagy induction.

Discussion

Although it has been more than a
decade since ER stress has been iden-
tified in ischemic brains, its contri-
butions, especially to focal cerebral
ischemia, are not fully elucidated. In
the present investigation, we found that
ER stress inducers both tunicamycin
(TM) and thapsigargin (TG) at a low
dosage, protected against ischemia-
reperfusion (I-R)-induced brain injury.
Remarkably, OGD-Rep.-induced neu-
ronal death was significantly amelio-
rated by silencing E7f2s1, an ER stress
sensor. In addition, we further provided
evidence indicating that TM and TG
treatment during reperfusion induced
mitophagy. Mitophagy inhibition by
3-MA, mdivi-1, and Azg7 silencing
significantly attenuated the protection
of TM and TG. Furthermore, the pro-
tection was also partly counteracted
either in Park2 knockdown neurons or
in heterozygous Park2 knockout mice
(Park2+~). Taken together, these find-
ings indicated the protective role of ER
stress in the context of cerebral I-R,
and it is very likely that the PARK2-
dependent mitophagy may be involved
in its protective effects.

A series of studies have indicated the
detrimental role of ER stress in ischemic
brains.®*?” Ischemia-induced energy
depletion rapidly disrupts ER calcium
homeostasis and subsequently impairs

the expression of TOMM20 (Fig. 6C). Both the Eif2s] and A#f4  protein folding, which ultimately can lead to cell death.”® ER
knockdown downregulated PARK2 in intact neurons, which function can be partly recovered upon reperfusion.”” As expected,
further suggested that PARK2 expression may be regulated by  both p-EIF2S1 and the spliced X6pI mRNA level induced by
EIF2S1-ATF4 signaling. Supportively, Eif2s] and Atf4 silencing  ischemia were continuously mitigated along with reperfusion,
both blocked the protection of either TM or TG, as revealed by  suggesting a relief of ER stress (Fig. S4). However, ER stress
an increased apoptotic cell ratio (Fig. 6D and E). Interestingly, activation by TM and TG during reperfusion attenuated the
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Figure 5. PARK2 is involved in the neuroprotection conferred by tunicamycin (TM) and thapsigargin (TG). (A) Primary cultures of mouse cortical neurons
were subjected to 2 h of OGD and 1 h of reperfusion. Dosages of 0.2 ng/L TM or 0.4 nmol/L TG were administered simultaneously with reperfusion.
Control cells experienced the same treatment without OGD. PARK2 (green) and the mitochondrial marker TOMM20 (red) were stained by immunocyto-
chemistry and the images were taken by confocal microscopy. (B) The PARK2 level in wild-type and Park2*- mice cortex was measured by western blot
(lower panel). The Park2*~- mice were subjected to tMCAO as described and the indicated dosage of TM was icv injected at the onset of reperfusion. The
infarct volumes were determined 24 h after reperfusion. The TOMM20 level in both wild-type and the Park2*- mouse cortex after 6 h of tMCAO, either
the ipsilateral (Ips.) or contralateral (Contra.), was examined by western blot (right upper panel). (C) In primary cultures of cortical neurons, PARK2 was
knocked down by shRNA against mouse Park2 mRNA. The silencing effect was identified by western blot (upper panel). TUNEL staining was performed
after 2 h of OGD followed by 24 h of reperfusion. (D and E) Neuro2a cells were subjected to 4 h of OGD followed by 24 h of reperfusion. (D) Neuro2a cells
were either transfected with plasmids encoding pEGFP, pEGFP-PARK2 or pEGFP-PARK2AUBL. The transfection effects were identified by western blot
against GFP (left panel). The schematic diagram shows the PARK2 and PARK2AUBL amino acid sequence (right upper panel). After 24 h of reperfusion,
the TOMM20 level of the indicated groups was examined by western blot. (E) Cells had been transfected with the indicated plasmids 24 h previously,
and cell viability was examined by MTT assay after 24 h of reperfusion. The data are expressed as mean + SD. Statistical comparisons were performed
with one-way ANOVA followed by the Dunnett t test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the indicated group.
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Figure 6. The EIF251-ATF4 signaling pathway is involved in tunicamycin (TM) and thapsigargin (TG)-activated PARK2-mediated mitophagy in ischemic
neurons. Primary cultures of mouse cortical neurons were subjected to 2 h of OGD followed by different periods of reperfusion. Dosages of 0.2 ng/L TM
or 0.4 nmol/L TG were treated simultaneously with reperfusion for 3 h. (A) The levels of EIF2S1, phosphorylated EIF2S1 (p-EIF2S1), ATF4 and PARK2 were
determined by western blot, and the GAPDH level was taken as loading control. (B) Representative images show that cells were immunostained for ATF4
(Red) and the cell nucleus was labeled by DAPI (blue). The ATF4-positive nucleus ratio in each indicated group was calculated and is shown in the right
bar chart. At least 5 random fields from one section and 3 to 6 sections were averaged in each independent experiment. (C-E) EIF2S1, ATF4, and PARK2
in cultures of primary neurons, were previously knocked down by transfecting their specific shRNA, respectively. The control cells were transfected with
scrambled shRNA. (C) The TOMM20 levels in the indicated groups were determined by western blot, and GAPDH was detected as loading control. (D)
The effects of Eif2s1 knockdown was confirmed by western blot (upper panel). The cell apoptosis rate in each group was examined by TUNEL staining
after 24 h of reperfusion. (E) The effects of Atf4 knockdown were confirmed by western blot (upper panel). The cell apoptosis rate in each group was
examined by TUNEL staining after 24 h of reperfusion. The data are expressed as mean * SD. Statistical comparisons were performed with one-way
ANOVA followed by the Dunnett t test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. indicated group.

ischemic brain injury either in mice or in cultured neuronal cells
along with the upregulation of p-EIF2S1 and ATF4, which veri-
fied the activation of ER stress (Fig. 1; Fig. 6A). To further assess
the neuroprotection of the ER stressor, we knocked down E7f2s1,
which has been demonstrated to be the primary ER stress sen-
sor in cerebral ischemia.’® We showed that the beneficial effects
of TM and TG were almost completely abrogated, and Eif2sI
siRNA alone also intensified cell apoptosis (Fig. 6D), indicat-
ing that EIF2S1 phosphorylation can be a therapeutic target for
cerebral ischemia."”® In addition, similar results were observed by
knocking down the EIF2S1 downstream effector A¢f4 (Fig. 6E).
These data revealed that ER stress has a protective role in the
context of cerebral I-R, and inhibition of ER stress relief dur-
ing reperfusion is beneficial to the ischemic brain. In contrast,
neither TM nor TG showed neuroprotection in a 24 h pro-
longed MCAO mouse model (data not shown). Permanent focal
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ischemia results in persistent ER stress and causes cell demise by
CASP12 upregulation.’# Therefore, it seems that the reperfu-
sion process relieves the ER stress and thus provides the therapeu-
tic opportunities for ER stressors. The present data showed the
pleiotropic contributions of ER stress to ischemic brain besides
its detrimental effects during ischemia. Notably, both TM and
TG showed their benefits only at a relative low dosage, whereas
a higher dosage induced apoptosis (Fig. 3) and enlarged brain
infarct volume (Fig. 1). Thus, these findings clearly highlighted
the benefits of the appropriate extent of ER stress to ischemic
neuronal cells during reperfusion.”?

ER stress is known to trigger autophagy in several cell
types;'*%% we then explored whether autophagy is involved in
the protective effects of ER stress. It was shown that autophagy
can be activated by OGD-Rep., and we interestingly found that
TM and TG further reduced SQSTMI1 level without enhancing
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LC3-II. Although SQSTMI is considered as a general macro-
autophagy marker, recent investigations indicate that SQSTM1
is selectively recruited to mitochondria in the PARK2-dependent
mitophagy process.”*?* These data imply that SQSTMI1 is more
likely to be recruited to mitochondria than other autophagic
cargoes. Therefore, our data suggested that mitophagy rather
than general autophagy was further activated by ER stressors
in the reperfusional phase after ischemia (Fig. 3). Mitophagy
removed the damaged mitochondria and subsequently prevented
the neuronal cells from going into apoptosis. Additionally, both
PARK?2 and mitochondrial fission are known to be required for
mitophagy during cerebral I-R.** Here we show that suppres-
sion of autophagy either by 3-MA or Atg7 silencing counteracted
the neuroprotective effect of ER stressors both in vivo and in
vitro (Fig. 4A and B). Moreover, we found that either the mito-
chondrial fission inhibitor mdivi-1 (Fig. 4C) or Park2 shRNA
treatment (Fig. 5C) reversed the antiapoptosis effects of TM and
TG in primary cultured neurons, and importantly, the neuropro-
tective effect of the ER stressor was impaired in Park2*'~ mice.
These data strongly indicated that mitophagy is required for the
neuroprotective effects of ER stressors. Our previous study has
shown that mitophagy can be triggered by reperfusion rather
than ischemia. This can partly explain why the ER stressor
only showed protection in I-R rather than ischemia alone mod-
els. We showed that ER stressors further upregulated PARK2
expression and recruitment to mitochondria following OGD-
Rep. (Fig. 5A; Fig. 6A), which suggested that PARK2 might be
responsible for ER stress-induced mitophagy in our models. The
mechanisms underlying ER stress-induced mitophagy remain
not fully understood. A very recent investigation has reported
that autophagosomes form at the contact sites of mitochondria
and ER.*® Thus, mitochondria may have the priority to be recog-
nized by autophagosomes under ER stress, which might be taken
as a model to provide insight into the mechanisms of selective
autophagy.

The contributions of PINK1-PARK2 to mitophagy have been
intensively studied recently. However, their involvement in isch-
emic brains is largely unknown. It has been reported that PARK2
was downregulated after ischemic stroke.”” We found that park2
null mice (park2”~) were more vulnerable to ischemic brain
injury, leading to a high mortality rate within 24 h after ischemia
(7 of 8, data not shown), which indicated that PARK2 may be
crucial for neuronal survival after I-R. We have previously found
that Park2 knockdown impairs OGD-Rep.-induced mitoph-
agy.? In the present research, it was shown that I-R-induced
mitophagy in ischemic brain was largely attenuated in Park2+'~
mice (Fig. 5B), further indicating the involvement of PARK2 in
I-R-induced mitophagy. Conversely, wild-type, but not the UBL-
deletion Park2 mutant, partly rescued ischemia-induced cell
death in the transfection experiments, and promoted mitophagy.
Therefore, the E3 ligase capacity of PARK2 seems to be required
for its protection against ischemic neuronal injury. Although it
has been demonstrated that some important proteins are turned
over by PARK?2 and thus prevent neurodegeneration,®® PARK2-
mediated proteasomal degradation of proteins was not involved
in stress-induced cell death.”” Therefore, PARK2-mediated
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direct clearance of impaired mitochondria may be the potential
mechanism in the context of acute ischemic injury. Nevertheless,
the role of PARK2 in degrading protein aggregation has been
demonstrated,”** which can be triggered by ischemic stress and
contributes to cellular damage.” Therefore, mitophagy-indepen-
dent contributions of PARK2 cannot be completely excluded.
We next provided evidence indicating that ER stress activated
the EIF2S1-ATF4 signaling cascade and subsequently induced
PARK2 expression.”” It was found that PARK2 is more prone
to be upregulated by ER stress in neurons compared with other
cell types.* Although the cell specific mechanisms were not fully
elucidated, our data at least suggest that ER stress conferred brain
protection in our model, may be largely due to its direct actions
on neurons. In addition, we interestingly found that both Azf%
and Eif2sI silencing reduced PARK2 expression in intact neu-
rons in a dose- and time-dependent manner (Fig. S3). Therefore,
in nonstressed neurons the involvement of EIF2S1-ATF4 signal-
ing in the regulation of PARK2 expression cannot be excluded.
Nevertheless, this regulation in steady-state may not be sufficient
to trigger mitophagy since the PARK2 translocation to mito-
chondria, rather than its expression alone, is more crucial.

In summary, the present study suggested that moderate ER
stress during reperfusion protected against ischemic brain injury
by reinforcing mitophagy. The EIF2S1-ATF4-signaling-regulated
PARK?2 expression may be involved in mitophagy regulation.
These findings implied that ER stress-induced mitophagy can
be a potential therapeutic target for cerebral ischemia treatment.

Materials and Methods

Animals

Male C57BL/6 mice weighing 22 to 25 g were used. The
park2”~ mice (C57BL/6 strain background) were kindly pro-
vided by Prof Zhuohua Zhang. For the culture of primary cortical
neurons, pregnant C57BL/6 mice with embryonic (E17) fetuses
were used. All experiments were approved by and conducted in
accordance with the ethical guidelines of the Zhejiang University
Animal Experimentation Committee and were in complete com-
pliance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Efforts were made to minimize
any pain or discomfort, and the minimum number of animals
was used.

Transient MCAO mouse model and drugs administration

Male C57BL/6 mice were anesthetized by intraperitoneal
injection of choral hydrate (350 mg/kg). Cerebral blood flow
(CBF) was determined in the territory of the middle cerebral
artery (MCA) by laser Doppler flowmetry (Moor Instruments,
Devon, UK). A flexible fiber-optic probe was affixed to the skull
over the cortex supplied by the proximal part of the right MCA
(2 mm caudal to bregma and 6 mm lateral to midline). Animals
with < 80% reduction in CBF in the core of the MCA territory
were excluded from the study.

Transient focal cerebral ischemia was induced by MCAO as
described previously with minor modifications.®“¢ Briefly, a
6-0 nylon monofilament suture was advanced 10 mm into the
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internal carotid to occlude the origin of the MCA. Reperfusion
was allowed after 60 min by monofilament removal. Body
temperature was maintained at 37 °C by a heat lamp (FHC,
Bowdoinham) during surgery and for 2 h after the start of reper-
fusion. Mice were given an intracerebroventricular injection of
7.5 g 3-MA (Sigma, M9281) or the indicated dosage of tunica-
mycin (Sigma, T7765) or thapsigargin (Sigma, T9033) at the
onset of reperfusion. 3-MA was dissolved in normal saline by
heating the solution to 6070 °C immediately before injection.?
Control mice were injected with the same volume of saline.

To determine infarct volume, mice were anesthetized and sac-
rificed by decapitation at 24 h after surgery and coronal brain
slices at 2-mm intervals were stained with TTC. Infarcted areas
were analyzed using Image-Pro Plus 7.0 and determined by the
indirect method, which corrects for edema. The percentage of the
corrected infarct volume was calculated by dividing the infarct
volume by the total contralateral hemispheric volume, and this
ratio was then multiplied by 100.” Neurologic deficit scores were
evaluated at 24 h of reperfusion as follows: 0, no deficit; 1, flex-
ion of the contralateral forelimb on lifting of the whole animal
by the tail; 2, circling to the contralateral side; 3, falling to the
contralateral side; and 4, no spontaneous motor activity.

The microPET and MRI scanning

MRI and microPET (evaluation of regional cerebral glucose
metabolism, rCMR) were taken as previous reported.” Briefly,
24 h after the MCAO surgery of mice, MRI scan was taken on
a 3.0-T scanner system (Signa, Excite HD, GE, USA). After
scout images were obtained, a 3D FSPGR T2-weighted image
of the mouse brain was acquired. The same mouse was taken to
Micropet scan immediately after done of MRI. ¥F-FDG (activ-
ity ~300 Ci/mmol) was administered to mice under halothane
anesthesia. After a quiet uptake period of 60 min, the mice were
placed in a spread prone position under halothane anesthesia
(5% induction and 1.5% maintenance), and scanned with the
MicroPET R4 (Concorde Microsystems, Knoxville, TN, USA)
consisting a 15-cm diameter ring of 96 position-sensitive y-ray
scintillation detectors, providing a 10.8-cm transaxial and a 7.8-
cm axial deld of view, with image resolution < 1.8 mm. A 20 min
static acquisition was performed in three-dimensional mode, and
images were reconstructed by a maximum-a-posteriori probabil-
ity algorithm with a pixel size of 0.4 x 0.4 x 1.2 mm.?

The PET and MRI images were coregistered and analyzed
by IDL (ver. 6.2, Research Systems, CO, USA) and ASIPro VM
(6.0.5.0, Concorde Microsystems Inc.) software. The ipsilateral
brain of the mice was assigned as regions of interest (ROlIs), and
both the ipsilateral and contralateral rCMR value was evaluated.

Cell culture, OGD procedures,

determination

and cell apoptosis

The primary cortical neuronal culture was performed as
described.® Briefly, the dissected cortex from E17 fetal mice was
treated with 0.125% trypsin in Hank’s buffer (in mmol/L: 137
NaCl, 5.4 KCI, 0.4 KH,PO,, 0.34 Na,PO,-7H,O, 10 glucose
and 10 HEPES) for 12 min at 37 °C and dissociated by repeated
passage through a series of fire-polished Pasteur pipettes.
Approximate 2 x 10° cells/cm? were seeded onto poly-L-lysine
(10 pg/ml)-coated plates and dishes. The neurons were grown
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in Neurobasal medium (Invitrogen) supplemented with 2% B27
(Invitrogen), 10 U/ml penicillin, 10 U/ml streptomycin, and
0.5 mmol/L glutamine at 37 °C in a humidified atmosphere with
5% CO,. Cultures were maintained for 8 d before treatment and
routinely observed under a phase-contrast inverted microscope.

The murine neuronal cell line Neuro2a was routinely cultured
in DMEM containing 10% fetal bovine serum (Gibco), 10 U/
ml penicillin, 10 U/ml streptomycin, and 0.5 mM glutamine at
37 °C in a humidified atmosphere with 5% CO,.

For OGD treatment, cells were rinsed once with warm glu-
cose-free DMEM (Gibco), and then refreshed with O,- and
glucose-frre DMEM (prebalanced in an O,-free chamber at
37 °C). Cells were then immediately placed in a sealed chamber
(MIC-101, Billups-Rothenburg) loaded with mixed gas contain-
ing 5% CO, and 95% N, for 5 min at 25 L/min. Primary neu-
rons were incubated at 37 °C for 2 h before reperfusion, while
for Neuro2a cells, the OGD duration was 4 h. For reperfusion,
cells were refreshed with normal culture medium. The indicated
concentrations of tunicamycin, thapsigargin, 3-MA, and mdivi-1
(Santa Cruz Biotechnology, sc-215291) were dissolved in normal
culture medium and added to the cells at the onset of reperfusion.
Control cells were given equal refreshment but were incubated in
glucose-containing DMEM for 2 h and 4 h for OGD-Rep.

Cell apoptosis rate was determined by the in situ cell death
detecting kit (Roche 11684795910) based on the TUNEL assay.
Briefly, cells were previously seeded on poly-L-lysine-treated cov-
erslips. After treatment, fixed cells were labeled with TUNEL
according to the protocol provided by the datasheet, and cell
nucleuses were stained with DAPI. Coverslips were observed by
flurorescence microscopy. For each coverslip, 5 random fields
were captured by a microscope camera (Fluoview FV1000,
Olympus, Tokyo, Japan). The total cell number was counted
using DAPI staining, and the average TUNEL-positive cell
ratio was calculated. For each time, 4 to 6 slips were used for
the indicated group, and the experiments were repeated 3 times
independently.

Transfection and RNA silence

To achieve a high efficient transfection in primary cultured
neurons, an adeno-associated virus (AAVs) containing GFP-LC3
(Hanbio, Shanghai, China) was employed. For Mito-DsRed
delivery, the Mito-DsRed DNA sequence was cloned from
pDsRed2-Mito (Clontech) and inserted into pLVX-puro plas-
mid, and transfected into HEK293T cells with a set of plasmids
for lentiviral packaging (Clontech, 631247). Both the lentivirus
and/or the AAVs were incubated with neurons at 6 DIV. For
Neuro2a cells, the plasmids were transfected by employing the
X-tremeGENE HP transfection reagent (Roche) following the
specific protocol for this cell line.

Small interfering RNA (siRNA) targeting mice Atg/
(5'-GCAUCAUCUU UGAAGUGAA-3")® and scrambled
control siRNA (5-AUGAAGTGA AUUGCUCAA-3') were
synthesized by GenePharm (Shanghai). Primary neurons were
transfected on d 5 with 20 nmol Azg7 siRNA or scrambled siRNA
using Lipofectamine RNAIMAX (Invitrogen). After transfection
in antibiotic-free medium for 8 h, cells were refreshed with nor-
mal medium. The efficacy of the Azg7 knockdown was assessed

Volume 10 Issue 10

©2014 Landes Bioscience. Do not distribute.



by western blot using antibodies against ATG7 (Epitomics, 5146-
1). Experiments were performed 72 h after transfection. For
Park2, Eif2s1, and Atf4 siRNA, short hairspin RNA (shRNA)
targeting mouse Park2 (5'-CCA UCA CUUCAGGAUC CUU-
3"), Eif2s] (5-TGCAGAAGTG GATGGAGA T-3"), A4
(5'-GGATGACACA TGTGATCTT-3") and scrambled control
shRNA (5-AUG AACGTGAAUU GCUCAA-3') were con-
structed into a pLVX-shRNAL1 plasmid for lentiviral packaging
(Clontech, 631247). The lentivirus was collected 48 h after trans-
fection; the titer was determined and subsequently, the lentivirus
was administered to primary cultured neurons (6 DIV) at a ratio
of 50:1. The silencing efficiency was confirmed by immunoblot
of target proteins 48 h after infection.

Immunoblot

The brain tissues and cells were homogenized in RIPA buffer
(20 mmol/L TRIS-HCI pH 7.5, 150 mmol/L NaCl, 1 mmol/L
EDTA, 1% Triton X-100 (SANGON, T0694), 0.5% sodium
dexoycholate (Sigma, 30970), 1 mmol/L PMSF (Amresco,
1001010530), and 10 wg/ml leupeptin (Amresco, 2147483647).
For cytosolic and mitochondrial protein extraction, an isolation
kit (Beyotime, C3601) was used. An aliquot of 40 pg protein
from each sample was separated using SDS-PAGE and transferred
to a nitrocellulose membrane, which was then blocked with 5%
nonfat milk in PBS (pH 7.4). The membranes were incubated
with primary antibodies against LC3 (1:1,000; MBL, PM036),
SQSTMI1 (1:1,000; CST, 5114), cleaved CASP3 (1:1,000; CST,
9661), CYCS (1:800; CST, 9665), COX4I1 (1:1,000; CST,
4850S), TOMM20 (1:1,000; Anbo Biotechnology, c16678),
PARK2 (1:1,000; Sigma, P5748), ATF4 (1:1,000; CST, 11815),
EIF2S1 (1:1,000; CST, 9722), Phospho-EIF2S1 (1:1,000; CST,
9721) or GAPDH (1:3,000; KangChen, KC-5G4) 4 °C over-
night. Secondary antibodies conjugated with HRP against either
rabbit or mouse IgG (1:5,000, CST, 7071 and 7072) were per-
formed for 2 h at room temperature and blots were exposed to
a chemiluminescent detection system using the SuperSignal
West Pico Substrate (34077, Pierce) and exposed to film. Digital
images were quantified using densitometric measurements by
Quantity-One software (Bio-Rad).

JC1

determination

staining and reactive oxygen species (ROS)

The mitochondria membrane potential was determined by
JC-1 staining. After 6 h incubation with the indicated concen-
trations of TM and TG, primary cultured neurons were then
incubated with 1 pg/ml JC-1 (Sigma, T4069) for 15 min in 37
°C. Cell staining was observed using a fluorescence microscopy
(DMI 30008, Leica, Wetzlar, Germany). At least 3 random fields
of views were captured from each sample, data were calculated as
red/green fluorescence analyzed by Image-Pro-Plus 7.0 software.

For ROS determination, primary neuronal cells
were cultured in 48-well plates. A dosage of 5 wmol/L
2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma,
D6883) was added to the cell cultures immediately after treat-

ment. The intracellular fluorescence was detected by a microplate
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reader with excitation wavelength 488 nm and emission wave-
length at 520 nm (DTX880, Beckman Coulter, USA) as pre-
viously described.®® These experiments were repeated 3 times
independently.

Immunocytochemistry and confocal microscopy

For microscopy examination, primary neurons were seeded
onto poly-L-lysine-treated glass coverslips (Warner Instruments,
64-0702) and transfected with GFP-LC3 and/or Mito-DsRed as
aforementioned. After OGD, cells were reperfused for the indi-
cated duration. Cells were then fixed with 4% paraformaldehyde
for GFP-LC3 and Mito-DsRed detecting. For immunostaining,
cells were incubated with antibodies against SQSTM1 (1:100;
Abcam, ab56416), PARK2 (1:200; Sigma, P5748) or TOMM20
(1:100; Anbo Biotechnology, C16678). Secondary antibodies lab-
bled with Alexa Fluor 488 or 596 (abcam, ab150073 or ab150108)
were subsequently added to the cells. Coverslips were observed
on a confocal microscope (Fluoview FV1000, Olympus, Tokyo,
Japan). The Manders overlap efficiency was measured and ana-
lyzed as described, by Image Pro-Plus 7.0 software.” Five randomly
selected fields from one coverslip were included to get an average,
and experiments were repeated independently at least 3 times.

Real-time PCR

After 6 h of OGD-reperfusion, total cellular DNA was
extracted with a DNeasy Blood and Tissue kit (Tiangen, DP304-
03). Aliquots of 20 ng total DNA were used for PCRs to detect
the mitochondrial gene mt-A#p6 and the genomic gene Rp/13, as
we previously described.?” The amount of gene was calculated
and normalized by the standard curve. Relative expression was
presented as the mt-Azp6/Rpl13 ratio.

Statistical analysis

All data were collected and analyzed in a blind manner. Data
are presented as mean + SD. One-way ANOVA (analysis of vari-
ance) with the Dunnett T3 post-hoc test was applied for multiple
comparisons. P < 0.05 was considered statistically significant.
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