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Abstract We have reported that neuron-specific conventional
protein kinase C (cPKC)y is involved in the development of
cerebral hypoxic preconditioning (HPC) and the neuroprotec-
tion against ischemic injuries, but its molecular mechanism is
unclear. In this study, the adult and postnatal 24 h C57BL/6]
wild-type (cPKCy™"*) and cPKCy knockout (¢cPKCy ") mice
were respectively used to establish the models of middle ce-
rebral artery occlusion (MCAO)-induced ischemic stroke
in vivo and oxygen-glucose deprivation (OGD)-treated pri-
marily cultured cortical neurons as cell ischemia in vitro.
The results showed that cPKCvy knockout could increase the
infarct volume and neuronal cell loss in the peri-infarct region,
and enhance the neurological deficits, the impaired coordina-
tion, and the reduced muscle strength of mice following 1 h
MCAO/1-7 days reperfusion. Meanwhile, cPKCy knockout
significantly increased the conversion of LC3-I to LC3-II and
beclin-1 protein expression, and resulted in more reductions in
P-Akt, P-mTOR, and P-S6 phosphorylation levels in the peri-
infarct region of mice with ischemic stroke. The autophagy
inhibitor BafA1 could enhance or reduce neuronal cell loss in
the peri-infarct region of cPKCy*™* and cPKCy '~ mice after
ischemic stroke. In addition, cPKCy knockout and restoration
could aggravate or alleviate OGD-induced neuronal ischemic
injury in vitro through Akt-mTOR pathway-mediated
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autophagy. These results suggested that cPKCy-modulated
neuron-specific autophagy improves the neurological out-
come of mice following ischemic stroke through the Akt-
mTOR pathway, providing a potential therapeutic target for
ischemic stroke.
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Introduction

As a kind of acute brain blood circulation disorder, ischemic
stroke has high incidence, morbidity, and mortality [1, 2].
Recently, some progress has been made, such as intravenous
recombinant tissue plasminogen activator (rt-PA) treatment [3,
4] and recombinant T cell receptor ligand combined with rt-
PA treatment [5], but the majority of clinical cases still use rt-
PA thrombolytic therapy as the main method. Due to the nar-
row therapeutic window of 4.5 h, the therapeutic strategy for
ischemic stroke is still unsatisfactory. Thus, a true break-
through calls for the full understanding of the molecular
mechanism underlying endogenous neuroprotection against
cerebral ischemic injury.

Autophagy is an important route for the degradation of pro-
teins and damaged organelles for maintaining the cellular hemo-
stasis [6]. At present, three types of autophagy have been dis-
covered thus far, which are macroautophagy (the most common
type), microautophagy, and chaperone-mediated autophagy [7,
8]. The microtubule-associated protein 1 light chain 3 (LC3-I) is
diffusely distributed in the cytoplasm, while another protein
Beclin 1, which was firstly described in a yeast two-hybrid
screen as a Bcl-2-interacting protein, is essential for the initiation
of autophagy [9, 10]. When autophagy is activated, the cyto-
plasmic LC3-I can be hydrolyzed to LC3-II, which is attached to
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the autophagosome membrane during autophagy process. The
ratio of LC3-II/LC3-1 is related to the level of autophagosome
formation [11]. Maintaining autophagy at a certain level can
degrade misfolded proteins and damaged organelles to maintain
homeostasis of cells. However, an insufficient or excessive au-
tophagy may degrade the proteins and organelles incorrectly to
induce cell damage. Cerebral ischemia/reperfusion (I/R) injury
is a complex pathophysiological process, in which the autopha-
gy is activated and plays a double-edged sword for neuronal
survival in the progression of cerebral /R injury [12].
Conventional protein kinase C (cPKC)y, an important iso-
form of the PKC family, is located only in neurons of the central
nervous system. By using hypoxic preconditioning (HPC) and
middle cerebral artery occlusion (MCAO)-induced ischemic-
stroked mouse models, we have demonstrated that cPKCy ac-
tivation was involved in the development of cerebral HPC and
the neuroprotection against ischemic injuries [13]. Recent stud-
ies also demonstrated that phosphoinositide 3-kinase (PI3K)/
Akt or PKC could modulate mammalian target of rapamycin
(mTOR)-mediated autophagy in various cell types [14]; palmitic
acid (PA) can induce activation of mTOR-mediated autophagy
via PKC [15]. However, whether cPKCy can modulate neuro-
nal autophagy through the mTOR pathway remains unclear in
the brain of mice with ischemic stroke. In this study, we found
that cPKCvy-modulated autophagy could alleviate ischemic in-
juries in vitro and in vivo through the Akt-mTOR pathway.

Experimental Procedure

Except for some antibodies and agents that were individually
indicated in the text, all general chemicals were purchased
from Sigma-Aldrich (St. Louis, MO 63103, USA). The
C57BL/6J wild-type (WT, cPKCy*'*) and cPKCy knockout
(KO, ¢cPKCy ") mice were purchased from the Jackson
Laboratory (Bar Harbor, Maine 04609, USA). The mice with
free access to food and water were maintained and genotyped
in the Experimental Animal Center of Capital Medical
University, People’s Republic of China. Adult male (at the
age of 8-10 weeks old, weighing 22-25 g) and postnatal
24-h C57BL/6J mice were respectively used to establish the
models of MCAO-induced ischemic stroke in vivo and
oxygen-glucose deprivation (OGD)-treated primarily cultured
cortical neurons as cell ischemia in vitro. All procedures were
performed in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and approved by the experimen-
tal animal ethics committee of Capital Medical University.

MCAO-Induced Ischemic Stroke Mouse Model

The MCAO-induced ischemic stroke mouse model was pre-
pared as described before [13, 16, 17]. Briefly, the mice were

@ Springer

anesthetized using pentobarbital sodium (60 mg/kg i.p.), and
then, an incision in the ventral midline neck was made to
expose the left common and external carotid arteries. Next,
the left common and left external carotid arteries were ligated,
and the carefully exposed internal carotid artery was clipped
by using microvascular aneurysm clips. A 6-0 surgical nylon
monofilament (0.23 mm in diameter) was inserted into the
internal carotid artery to occlude the middle cerebral artery
(a point approximately 12 mm distal to the carotid bifurca-
tion). Laser Doppler flowmetry (Perimed PeriFlux system
5000, Jarfalla, Stockholm, Sweden) was used to ensure that
the blood circulation was occluded successfully and to inspect
the cerebral blood flow (CBF). Regional CBF decreased by
80 % in mice after MCAO, and CBF recovered completely
after the occlusion was removed 1 h later (Fig. 1a).
Sham-operated mice received the same procedure, without
inserting the nylon monofilament to occlude the middle cere-
bral artery. The autophagy inhibitor BafA1 (0.00, 0.25, 2.5,
and 25.0 mg/kg) [18] was dissolved in dimethyl sulfoxide
(DMSO) and injected into the intracerebroventricle (ICV) of
mice 15 min before the onset of MCAO [19]. In brief, the
anesthetized mice (pentobarbital sodium, 60 mg/kg, i.p.) were
placed upon a stereotaxic frame, and the cannula (28 gauge,
inner diameter 0.18 mm, outer diameter 0.36 mm) was
lowered into the left cerebral ventricle according to the fol-
lowing coordinates: 0.5 mm posterior and 1.0 mm lateral to
the bregma and 3.5 mm below the skull surface [20]. In this
study, the reason for delivering BafA1 via ICV injection is the
lack of information on BafA1 crossing the blood-brain barrier.

OGD-Induced Ischemic Injury In Vitro in Primarily
Cultured Cortical Neurons and Lentiviral Transduction

The primarily cultured cortical neurons were prepared from
postnatal 24-h C57BL/6J (¢cPKCy™* and ¢cPKCy ') mice.
The cortical neurons were dissociated carefully and seeded
onto plates at a density of 5 x 10° cells/cm?®. The neurons were
grown in neurobasal medium with 2 % B27 supplement
(Gibco Inc, Carlsbad, CA 92008, USA), and the culture me-
dium was replaced half of fresh medium every 3 days. The
cPKCy ™" neurons were transduced with lentiviral vectors
containing ¢cPKC~ gene and their controls (Genepharma,
Suzhou, People’s Republic of China) according to the manu-
facturer’s instruction. After 48 h lentiviral transduction and
7 days culture, the neurons were subjected to 1 h OGD/24 h
reoxygenation to mimic ischemic injury in vitro. For OGD
treatment, the neurons were replaced with glucose-free
DMEM and placed in the hypoxia incubator (Thermo
Scientific, Marietta, OH 45750, USA) under the condition of
5 9% CO,/1 % 0,/94 % N,. At the end of 1 h OGD exposure,
the cells were maintained in regular neurobasal medium con-
taining 2 % B27 under normoxic conditions (5 % CO,/21 %
0,/74 % N,) for 24 h reoxygenation. The cell survival rate
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Fig. 1 Effect of cPKCy knockout on regional CBF, infarct volume, and
neuronal cell loss of mice with MCAO-induced ischemic stroke. a The
regional CBF decreased by about 80 % after MCAO and recovered
completely after the occlusion was removed 1 h later both in cPKCy™*
and cPKCy ™ mice. b The typical TTC staining results showed the effect
of cPKCy knockout on the infarct area of mice after 1 h MCAO/1-7 days
reperfusion. The quantitative analysis demonstrated that the percentage of
infract volume increased in the brain of cPKCy ™~ mice when compared

was determined by using thiazolyl blue tetrazolium bromide
(MTT, 0.5 mg/ml; Applichem Inc., Omaha, NE 68135, USA),
and cell death was detected via the LDH release rate using the
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega
Cor, Madison, WI 53711, USA) following the manufacturer’s
instructions.
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with that of cPKCy** mice after | h MCAO/1-7 days reperfusion (n =5
per group). ¢ Typical images and quantitative analysis results of Nissl
staining showed that neuronal cell loss in the peri-infarct region
significantly increased in ¢cPKCy~~ mice when compared with that of
cPKCy*"* mice after | h MCAO/3 days reperfusion (scale bar =100 wm,
n=>5 per group). Three asterisks P<0.001 versus sham; two number
signs P<0.01 and three number signs P<0.001 versus corresponding
¢PKCy*"* mice with the same treatment

TTC Staining for Assessment of Cerebral Infarct Volume

After 1 h MCAO/1-7 days reperfusion, the animals were
sacrificed and perfused with ice-cold phosphate-buffered saline
(PBS). The brains were removed and sectioned coronally to 2-
mm-thick slices. The slices were stained with 0.5 %
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Fig. 2 Effect of cPKCy knockout on the neurological outcome of mice
with ischemic stroke. a Results of the neurological score indicated that
c¢PKCy knockout could enhance the neurological deficit of mice after 1 h
MCAO/1-7 days reperfusion (n = 6 per group). In addition, the results of
the pole test (b), wire hanging test (¢), cylinder test (d), handedness test
(e), and foot fault test (f) showed that cPKCy knockout could enhance the
impaired coordination and reduced muscle strength (n=6 per group).
Three asterisks P <0.001 versus sham; two number signs P<0.01 and

three number signs P < 0.001 versus corresponding cPKCy** mice with

the same treatment

triphenyltetrazolium chloride (TTC) solution (Sigma-Aldrich, St.
Louis, MO 63103, USA) at 37 °C for 15 min. Normal brain tissue
was stained brightly, whereas the infarcted areas were pale white.
The cerebral infarct area was measured by using Image-Pro Plus
5.0 image processing software (Media Cybernetics, Rockville,
MD 20852, USA). The infarct volume is counted according to
our previous reports as follows [13;16;17]. The cerebral edema
rate (S)= QLT =Y RT)/QLT + Y RT) x 100 %, where > LT and
> RT represent the volume of the left (ischemic) and right (non-
ischemic) hemisphere, respectively. Background (B) = volume of
TTC unstained white matter in sham group/total brain volume of
sham group % 100 %. Considering the effects of edema and back-
ground, the infarct volume was represented as the percentage of
total brain through the following equation: /=Y SIN(1 —S)/
QLT+ YRT)(1—B)x 100 %, where > SIN(1 —S) represents the
total infarct volume after deducting the edema rate.

Measurement of Neurological Deficit

At 1, 3, and 7 days after 1 h MCAO, the mice were tested for
neurobehavioral score according to the neurological disability
status scale reported by Rodriguez etal. [21]. Briefly, at each time
period after MCAO surgery, the animals were graded on a scale of
0 to 10 according to the severity of their deficits, with the detailed
criteria as follows: 0, no neurological dysfunction; 2, slight dys-
function in mobility and the presence of passivity; 4, moderate
neurological dysfunction; 6, corresponding to more handicapped
animals but still able to walk, with more marked hypomobility,
circling, tremor, jerks and/or convulsions, forelimb flexion, and
moderate motor incoordination; 8, corresponding to respiratory
distress and total incapacity to move/coordinate. Status 10 refers
to death due to 1 h MCAO/1-7 days reperfusion. If the level of
deficits did not meet the precise criteria, the nearest appropriate
number 1, 3, 5,7, and 9 was used.

At 1, 3, and 7 days after 1 h MCAO, the neurological func-
tion of mice was assessed as follows. The time it takes for a
mouse to finish an upside-down 180° turn (T turn) and time to
the ground (T total) were recorded and used as an indicator of
limb coordination in the pole test [22]; the wire hanging test
criteria were reflected by latency to fall [23]; the cylinder test
records the number of contacts for each forelimb, and the ratio
for contralateral limb usage is calculated using the formula
(L= R)(L+ R +both) x 100 % [24]; results for the handedness

test criteria are shown as the laterality index [25]; and the foot
fault test criteria are indicated as the number of missteps mice
took while walking on a wire mesh [26]. The mice were trained
three days before MCAO surgery; meanwhile, all trainings and
tests were performed in triplicates each day.

Nissl Staining

The mice were perfused transcardially with 4 % paraformal-
dehyde in PBS after | h MCAO/3 days reperfusion, and then,
the brains were removed and post-fixed in 4 % paraformalde-
hyde. After dehydration by successive immersion in 20 and
30 % sucrose solution, the brains were cut into 20-um-thick
sections to stain with 0.04 % cresyl violet dissolved in acetate
buffer for 1 h. Five sections per brain were used for cell
counting in the peri-infarct region of MCAO mice from three
views under the light microscope (Nikon, 50i, Japan).

Immunofluorescent Staining

Immunofluorescent staining with NeuN was used to detect
neuronal cells according to the manufacturer’s instructions.
The 20-pum-thick sections of mouse brain were washed in
phosphate-buffered saline (PBS) and permeabilized with
0.3 % Triton X-100 (pH 7.5) for 1 h. Next, they were blocked
with 3 % goat serum for 1 h. The blocked slices were incu-
bated with primary mouse monoclonal antibodies against
NeuN (ab104224, Abcam, Boston, MA 02754, USA) at
1:100 for 12 h at 4 °C. Then, the slices were incubated with
Alexa Fluor 488 goat anti-mouse IgG (Green color, A11029,
Molecular Probes, Thermo Fisher Scientific, Eugene, OR
97401, USA) at a 1:200 dilution for 2 h at 37 °C. Finally,
the slices were washed and sealed with medium containing
DAPI. The images (three images per section) were acquired
by using the fluorescent microscope system (Nikon, 50i,
Japan).

Western Blot Analysis

In this study, the antibodies were purchased from the follow-
ing indicated companies: rabbit anti-Beclin 1 monoclonal an-
tibody (1:1000; catalogue number #3495), rabbit anti-LC3
polyclonal antibody (1:1000; catalogue number #2775), rabbit
anti-phospho-Akt (Ser473) polyclonal antibody (1:1000; cat-
alogue number #9271), rabbit anti-Akt polyclonal antibody
(1:1000; catalogue number #9272), rabbit anti-phospho-
mTOR (Ser2448) polyclonal antibody (1:1000; catalogue
number #2971), rabbit anti-mTOR polyclonal antibody
(1:1000; catalogue number #2972), rabbit anti-phospho-S6
(Ser235/236) polyclonal antibody (1:1000; catalogue number
#2211), and mouse anti-S6 monoclonal antibody (1:1000; cat-
alogue number #2317) from Cell Signaling Technology
(Danvers, MA 01923, USA); mouse anti-[3-actin monoclonal
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< Fig. 3 Effect of cPKCy knockout on autophagy and phosphorylation

levels of the Akt-mTOR pathway in the peri-infarct region of mice with
ischemic stroke. a Typical results of Western blot showed the changes of
cPKCy and Beclinl protein expression levels and the ratio of LC3-11I/
LC3-I in the peri-infarct region of cPKCy” *and cPKCyf/ ~miceafter 1 h
MCAO/1-7 days reperfusion. The quantitative analysis results
demonstrated that cPKCy knockout significantly increased the
expressions of Beclin 1 (b) and the conversion of LC3-I to LC3-II (c)
in the peri-infarct region of mice with 1 h MCAO after 1-7 days
reperfusion (n=7 per group). The representative (d) and quantitative
analysis results of Western blot showed that P-mTOR (e), P-Akt (f),
and P-S6 (g) phosphorylation levels in the peri-infarct region of
¢PKCy ™™ mice decreased more significantly than those of cPKCy™*
mice with 1 h MCAO/3 days reperfusion (n=35 per group). Two
asterisks P<0.01 and three asterisks P<0.001 versus sham; two

number signs P<0.01 and three number signs P<0.001 versus

corresponding cPKCy*"* mice with the same treatment

antibody (1:10,000) from Sigma-Aldrich Corp., St. Louis,
MO 63103, USA; rabbit anti-cPKCy polyclonal antibody
(1:1000; catalogue number SC-98952) from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA 95060, USA; and horse-
radish peroxidase-conjugated goat anti-rabbit or anti-mouse
IgG as secondary antibody (1:4000) from Stressgen
Biotechnologies Corporation, Victoria, BC, Canada.

Total protein was extracted from the brain-specific regions
and primarily cultured cortical neurons as our previous reports
[27, 28]. Thirty micrograms of total protein was loaded in
12 % SDS-PAGE. After electrophoresis, proteins were trans-
ferred onto polyvinylidene difluoride membrane (GE
Healthcare, UK). The transferred membrane was blocked with
10 % non-fat milk in Tween/Tris-buffered salt solution
(TTBS; 20 mM Tris—Cl, pH 7.5, 0.15 M NaCl, and 0.05 %
Tween-20) for 1 h. After the incubations of primary and sec-
ondary antibodies, the Enhanced Chemiluminescence kit (GE
Healthcare, UK) was used to detect the signals. The amount of
proteins was quantified by densitometry and normalized to f3-
actin, an internal standard.

Statistical Analysis

The GelDoc-2000 Imagine System (Bio-Rad, Hercules, CA
94547, USA) was used to perform the quantitative analysis of
Western blot. The protein expression levels of Beclin 1 and
cPKCy (band density of target protein/band density of 3-ac-
tin); the phosphorylation levels of P-mTOR, P-Akt, and P-S6
(the band densities of phosphorylated form/total protein); the
proteolysis levels of caspases (cleaved caspase/total caspase);
and LC3 (band density of LC3-II/band density of LC3-I and
11/) were calculated as 100 % in the control or sham group, and
then, the other groups were expressed as percentage of that of
the control or sham group. Statistical analysis was performed
by using one-way analysis of variance (ANOVA) followed by
all pairwise multiple comparison procedures using the
Bonferroni test. The values were presented as mean = SEM,
and P < 0.05 was considered as statistically significant.

Results

Effect of cPKCy Knockout on the Qutcome of Mice
with Ischemic Stroke

We have reported that HPC-induced cPKCy activation is in-
volved in the endogenous neuroprotection against cerebral
ischemic injuries [13], but how cPKCy affects the outcome
of' mice with ischemic stroke is unclear. To investigate the role
of cPKC in ischemic stroke, the regional CBF, infarct vol-
umes, neuronal cell loss, and neurological deficits were
assessed in cPKCy ™~ mice after 1 h MCAO/1-7 days reper-
fusion. As shown in Fig. 1a, the regional CBF decreased by
80 % after MCAO and recovered completely after the occlu-
sion was removed 1 h later both in cPKCy™* and cPKCy "~
mice, suggesting that cPKCy did not affect CBF levels during
the procedure of 1 h MCAO/reperfusion [Fig. 1a, F(19,
99) = 1588.573, n =5 per group]. However, the infarct volume
increased significantly in cPKCy ™~ mice after 1 h MCAO
[Fig. 1b, F(9, 49)=81.6, n=5 per group] at 1 day
(P<0.001), 3 days (P<0.001), and 7 days (P =0.004) reper-
fusion when compared with that of cPKCy** mice.
Meanwhile, neuronal cell loss in the peri-infarct region signif-
icantly increased in cPKCyf/f mice [Fig. lc, F(5,
29)=152.41, P<0.001, n =5 per group] when compared with
that of cPKCy™* mice after 1 h MCAO/3 days reperfusion.
Similarly, compared with ¢cPKCy** mice following 1 h
MCAO/1-7 days reperfusion, results on the neurological
score (Fig. 2a), pole test (Fig. 2b), wire hanging test
(Fig. 2c¢), cylinder test (Fig. 2d), handedness test (Fig. 2e¢),
and foot fault test (Fig. 2f) showed that cPKCy knockout
could aggravate the neurological deficits [Fig. 2a, F(9,
59)=93.1, P <0.001], the impaired coordination, and reduced
muscle strength [Fig. 2b, time turn: F(9, 59)=78.117,
P <0.001; time total: F(9, 59)=97.528, P<0.001; Fig. 2c,
F(9, 59)=327.267, P<0.001; Fig. 2d, F(9, 59)=511.265,
P<0.001; Fig. 2e, F(9, 59)=516.222, P<0.001; and
Fig. 2f, F(9, 59)=71.023, P<0.001].

cPKCy Affects MCAO-Induced Autophagy In Vivo
Through Akt-mTOR Pathway

The previous studies have reported that autophagy might be a
potential therapeutic target for stroke [29]. To further validate
the role of cPKCy in cerebral ischemia-induced autophagy
in vivo, the autophagy-related protein expressions were deter-
mined in the peri-infarct region of mice after | h MCAO/1—
7 days reperfusion. LC3-II is the most widely used marker for
revealing the presence of autophagosomes, while Beclin 1
belongs to the class 3 phosphoinositide 3-kinase (PI3K) com-
plex and is involved in the early stages of autophagosome
formation [30]. As shown in Fig. 3a, c, the conversion of
LC3-I to LC3-II increased evidently in cPKCy "~ mice with
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1 h MCAO after 1 day (P<0.001), 3 days (P<0.001), and
7 days (P =0.005) reperfusion compared with that of the same
treated cPKCy*"™ mice [F(9, 69) = 294.152, n="7 per group].
Similarly, cPKCy knockout also significantly increased the
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o Fig. 4 Effect of BafAl on the ratio of LC3-I/LC3-I and neuronal cell

loss in the peri-infarct region of ¢cPKCy** and ¢PKCy ™~ mice with
ischemic stroke. a Typical results of Western blot showed the effect of
autophagy inhibitor BafA1 on the ratio of LC3-II/LC3-I in the peri-infarct
region of cPKCy** and cPKCy ™"~ mice after I h MCAO/3 days reper-
fusion. b The quantitative analysis results demonstrated that BafAl at 2.5
and 25.0 mg/kg could significantly enhance the LC3-1I accumulation in
the peri-infarct region of both cPKCy** and cPKCy ™~ mice with ische-
mic stroke (n=5 per group), confirming the inhibition of BafAl on
MCAO-induced autophagy in vivo. ¢ Typical images of Nissl staining
showed the effect of BafA1 on neuronal cell loss in the peri-infarct region
of both ¢cPKCy** and ¢cPKCy ™ mice after 1 h MCAO/3 days reperfu-
sion (scale bar = 100 um). d The quantitative analysis results demonstrat-
ed that BafA1 could aggravate neuronal cell loss in cPKCy™* mice, but
attenuate neuronal cell loss in the peri-infarct region of cPKCy ™~ mice
with ischemic stroke (n =35 per group). Three asterisks P<0.001 versus
sham; three number signs P < 0.001 versus 0.00 (DMSO) group

expressions of Beclin 1 in the peri-infarct region of mice with
1 h MCAO after 1 day (P<0.001), 3 days (P<0.001), and
7 days (P < 0.001) reperfusion (Fig. 3a, b, F(9, 69) =106.476,
n =17 per group). Moreover, to further explore whether cPKCy
affects MCAO-induced autophagy through the Akt-mTOR
pathway, the phosphorylation levels of Akt, mTOR, and p70
ribosomal S6 (S6) were examined by using Western blot anal-
ysis (Fig. 3d). The results showed that cPKCy '~ could cause
more reduction in P-Akt [Fig. 3f, F(5, 29)=269.81,
P<0.001], P-mTOR [Fig. 3e, F(5, 29)=226.98, P<0.001],
and P-S6 [Fig. 3g, F(5,29)=99.567, P < 0.001] phosphoryla-
tion levels in the peri-infarct region of cPKCy** mice with
1 h MCAO/3 days reperfusion (n = 5 per group). These results
indicated that cPKCy knockout may strengthen MCAO-
induced autophagy by affecting Akt, mTOR, and S6 phos-
phorylation levels.

cPKCy-Mediated Neuroprotection Against Ischemic
Injury Acts Through Modulating Autophagy In Vivo

cPKCy could modulate the level of MCAO-induced autoph-
agy in vivo; then, whether cPKCy-mediated neuroprotection
acted through modulating autophagy was determined by using
intracerebralventricular (i.c.v.) injection of the autophagy in-
hibitor BafA1 before the onset of MCAO. As BafA1 inhibits
the autophagosome docking and fusion with the lysosome to
stop the process of autophagy, the level of autophagy marker

Fig. 5 Effect of BafA1 on neuronal cell loss in the peri-infarct region of >
¢PKCy*"* and cPKCy ™~ mice with ischemic stroke. a Typical images of
immunofluorescent staining with neuron-specific maker NeuN showed
the effect of BafA1 on NeuN-positive cell loss in the peri-infarct region of
both cPKCy** and cPKCy ™ mice after 1 h MCAO/3 days reperfusion
(scale bar =100 pum). b The quantitative analysis results demonstrated
that BafA1 could aggravate NeuN-positive cell loss in ¢cPKCy™* mice,
but attenuate NeuN-positive cell loss in the peri-infarct region of
¢PKCy™ mice with ischemic stroke (n=35 per group). Three asterisks
P <0.001 versus sham; three number signs P <0.001 versus 0.00
(DMSO) group
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Fig. 6 Effect of cPKCy knockout on the ratio of LC3-1I/LC3-L, Beclin 1
protein levels, and ischemic injury in primarily cultured cortical neurons
after 1 h OGD/24 h reoxygenation. a Typical results of Western blot
showed the effect of cPKCy knockout on the ratio of LC3-II/LC3-I and
Beclin 1 expression levels in 1 h OGD/24 h reoxygenation-treated
neurons. The quantitative analysis results showed that cPKCy knockout
could increase the protein expressions of Beclin 1 (b) and the ratio of
LC3-II/LC3-I (¢) in primarily cultured cortical neurons after 1 h OGD/
24 h reoxygenation (n =6 per group). d Typical results of Western blot
showed the effect of cPKCy knockout on the phosphorylation levels of
the AKt-mTOR pathway in 1-h OGD/24-h reoxygenation-treated
neurons. The quantitative analysis results demonstrated that cPKCy
knockout could enhance the OGD-induced decrease of P-mTOR (e), P-
Akt (f), and P-S6 (g) in primary cultured cortical neurons after 1 h OGD/
24 h reoxygenation (n = 6 per group). The results of MTT assays (h) and
LDH assay (i) indicated that the cell survival rate is decreased, while the
cell death rate is significantly increased in cPKCy ™~ neurons when
compared with that of ¢cPKCy™* neurons after 1 h OGD/24 h
reoxygenation (n=06 per group). Three asterisks P<0.001 versus
normoxia; three number signs P <0.001 versus cPKCy™* neurons after
1hOGD/24h R

LC3-II accumulation could be recognized as the indicator of
BafA1l pharmacological actions. As shown in Fig. 4a, b,
BafAl at 2.5 and 25.0 mg/kg could significantly enhance
the LC3-II accumulation in the peri-infarct region of both
¢PKCy** and cPKCy "~ mice following 1 h MCAO/3 days
reperfusion [F(13, 69)=163.323, P<0.001, n =5 per group],
confirming the inhibition of BafAl on MCAO-induced au-
tophagy in vivo. Interestingly, the results of Nissl (Fig. 4c)
and immunofluorescent staining with NeuN (Fig. 5a) demon-
strated that BafA1 could aggravate MCAO-induced neuronal
cell loss in cPKCy*"* mice but reduced the neuronal cell loss
in the peri-infarct region of cPKCy ™'~ mice after 1 h
MCAOQ/3 days reperfusion [Fig. 4d, F(9, 49)=183.401,
P<0.001; Fig. 5b, F(9, 49)=369.43, P<0.001, n=5 per
group], which implicated that cPKCy-mediated neuroprotec-
tion acts through the modulation of MCAO-induced
autophagy.

cPKCYy Protects Neurons Against OGD-Induced Ischemic
Injury in Primarily Cultured Cortical Neurons In Vitro
Through Akt-mTOR Pathway-Mediated Autophagy

To further investigate the role of cPKCy in neuronal ischemic
injury in vitro, MTT and LDH assays were used to detect
OGD-induced cell death in both primarily cultured cortical
cPKCy** and ¢cPKCy " neurons. It is found that the cell
survival rate is decreased [Fig. 6h, F(3, 23)=207.195,
P <0.001], while the cell death rate is significantly increased
[Fig. 61, F(3, 23)=321.388, P<0.001] in cPKCyf/f neurons
when compared with that of cPKCy*"* neurons after 1 h
OGD/24 h reoxygenation. Similarly, the effect of cPKCy
knockout on the ratio of LC3-II to LC3-I and Beclin 1 expres-
sion levels was determined in 1 h OGD/24 h reoxygenation-
treated neurons (Fig. 6a). The results showed that cPKCy

knockout could increase the protein expressions of Beclin 1
[Fig. 6b, F(3,23)=275.142, P <0.001] and the ratio of LC3-
II/LC3-1[Fig. 6¢, F(3,23) =1363.085, P < 0.001] in primarily
cultured cortical neurons after 1 h OGD/24 h reoxygenation.
For the affection of cPKCy on Akt-mTOR pathway-mediated
autophagy, the phosphorylation levels of Akt, nTOR, and S6
(Fig. 6d) were determined by using Western blot analysis. The
results showed that cPKCvy knockout resulted in more reduc-
tion in P-Akt (Fig. 6f, F(3,23)=77.157, P<0.001), P-mTOR
(Fig. 6e, F(3, 23)=338.694, P<0.001), and P-S6 (Fig. 6g,
F(3, 23)=280.594, P<0.001) in primarily cultured cortical
neurons after 1 h OGD/24 h reoxygenation. Similar with the
results of autophagy inhibitor BafA1l at the onset of MCAO
in vivo, the Western blot analysis showed that BafAl at
100 nM could significantly enhance the LC3-II accumulation
in cultured cortical neurons from both ¢cPKCy** and
¢PKCy ™~ mice after 1 h OGD/24 h reoxygenation
[Fig. 7a, b, F(7, 47)=328.128, P<0.001]. The results of
MTT (Fig. 7c¢) and LDH (Fig. 7d) assays also showed that
BafA1 could further enhance or alleviate OGD-induced ische-
mic injuries in ¢cPKCy™* and ¢cPKCy ™ neurons after 1 h
OGD/24 h reperfusion [Fig. 7c, F(7, 47)=207.195,
P <0.001; Fig. 7d, F(7,47) =321.388, P < 0.001], respectively.
To confirm the role of cPKCy in OGD-induced neuronal
ischemic injuries and autophagy, the cPKCy '~ cortical neu-
rons were transduced with lentivirus coding cPKCy (Fig. 7e).
The results of typical Western blot (Fig. 7f) and quantitative
analysis showed that cPKCy restoration could significantly
decrease both the ratio of LC3-II/LC3-1 [Fig. 7g, F(3,
23)=297.229, P<0.001] and the expression of Beclin 1
[Fig. 7h, F(3, 23)=320.330, P <0.001] when compared with
that of LV-cPKCy (—) group of cPKCy ™ neurons after 1 h
OGD/24 h reoxygenation. In addition, cPKCy restoration
(LV-cPKCY) could also improve OGD-induced neuronal is-
chemic injuries [Fig. 71, F(3, 23) =394.544, P < 0.001; Fig. 7j,
F(3,23)=503.668, P <0.001, n = 6 per group] compared with
LV-cPKCy (-) group of cPKCy ™~ neurons after 1 h OGD/
24 h reoxygenation. The results demonstrated that cPKCy
restoration could effectively decrease OGD-induced neuronal
ischemic injuries through modulating autophagy in vitro.

Discussion

Autophagy is a highly conserved pathway for degradation, by
which cytosolic long-lived proteins and organelles are broken
down and re-used to maintain cellular metabolic turnover and
homeostasis [31-33]. Accumulating reports have demonstrat-
ed that autophagy increases in cerebral ischemic injury, in-
cluding hypoxia-ischemia (HI) [6, 34-38], global [39-41],
and focal ischemia [18, 42—44]. In neurons, moderate autoph-
agy is important for preserving cellular homeostasis under
normal conditions [45], but inadequate autophagy promotes
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< Fig. 7 Effects of BafAl and cPKCY restoration on the ratio of LC3-1I/

+/+

LC3-I, Beclin 1 protein levels, and ischemic injury in cPKCy™" and
¢PKCy ™" neurons after 1 h OGD/24 h reoxygenation. The typical (a)
and quantitative analysis (b) results of Western blot showed that BafA1 at
100 nM could significantly induce LC3-II accumulation in cultured
cortical neurons of both cPKCy™* and ¢cPKCy ™ after 1 h OGD/24 h
reoxygenation (n =6 per group). The results of MTT (¢) and LDH (d)
assays also showed that BafAl could further enhance or alleviate OGD-
induced ischemic injuries in ¢cPKCy** and ¢cPKCy ™~ neurons,
respectively (n=6 per group). The cPKCy '~ cortical neurons were
transduced with lentivirus coding cPKCvy, and the successfully
expressed cPKCy was confirmed by using Western blot (e). The results
of typical Western blot (f) and quantitative analysis showed that cPKCy
restoration could significantly decrease both the ratio of LC3-II/LC3-1 (g)
and Beclin 1 expression levels (h) when compared with those of the LV-
cPKCy (-) group of ¢PKCy ™’ neurons after 1 h OGD/24 h
reoxygenation (n =6 per group). In addition, the results of MTT (i) and
LDH (j) assays also confirmed that cPKCy restoration (LV-cPKCy)
could improve OGD-induced neuronal ischemic injuries compared with
those of the LV-cPKCy () group of cPKCy ™ neurons after 1 h OGD/
24 h reoxygenation (n =6 per group). Three asterisks P <0.001 versus
normoxia; three number signs P <0.001 versus OGD-treated cPKCy™*/
cPKCyfF neurons with 0.0 nM BafAl or versus OGD-treated LV-
cPKCy (-) group of cPKCyfF neurons

neuronal cell death [46—48]. In this study, we found that
cPKCy could affect the neurological outcome of mice with
ischemic stroke through modulating the Akt-mTOR pathway-
mediated autophagy.

A group of autophagy-related genes (ATG) controls au-
tophagy by regulating several sequential steps of the autoph-
agic process, including induction, autophagosome nucleation
and elongation, autophagosome docking and fusion with the
lysosome, and finally autophagic body breakdown and release
of the contents back into the cytosol. The serine/threonine-
protein kinase mTOR has been identified as a key negative
regulatory protein involved in the induction of autophagy up-
stream of ATG proteins [49]. mTOR belongs to the family of
PI3K-like kinases [50] and can masterly regulate cell growth
and metabolism via predominantly controlling the phosphor-
ylation of p70 ribosomal S6 kinase (p70S6K) [51]. The au-
tophagy marker LC3-II is a main hydrolysis product of LC3-1
(known as ATGS8). In mammalian cells, the initiation process
of autophagy depends on a complex consisting of ULK1
(ATG1 homologue), ATG13, and FIP2000 proteins. BafAl,
a downstream inhibitor of autophagy, could inhibit
autophagosome fusing with lysosome to induce the accumu-
lation of LC3-IL. In this study, we found that cPKCy could
modulate the level of MCAO-induced autophagy, and the ef-
fective blockage of autophagy by BafAl could significantly
cause the LC3-II accumulation in the peri-infarct region of
both ¢cPKCy** and ¢cPKCy ™"~ mice with ischemic stroke.
For ¢cPKCy** mice with ischemic stroke, the autophagy at
moderate level is neuroprotective, as BafA1 inhibiting autoph-
agy to a lower level could cause more loss of neuronal cells in
the peri-infarct region. However, the excessive autophagy is
detrimental, as BafAl-induced inhibition of autophagy

attenuated the neuronal cell loss in the peri-infarct region of
¢PKCy™" mice with ischemic stroke. In addition, cPKCy
causes more reduction in P-Akt, P-mTOR, and P-S6 phos-
phorylation levels in the peri-infarct region of mice with 1 h
MCAO/3 days reperfusion. These results indicated that
cPKCy-modulated autophagy alleviates cerebral ischemic in-
jury of mice with ischemic stroke through the Akt-mTOR
pathway.

To further determine the neuron-specific cPKCy-modulat-
ed autophagy and its possible molecular mechanism, both
primarily cultured cortical cPKCy** and cPKCy ™~ neurons
were subjected to 1 h OGD/24 h reoxygenation to mimic
ischemic injury in vitro. We found that cPKCy knockout
could increase the protein expressions of Beclin 1 and the ratio
of LC3-II/LC3-I as well as augmented the OGD-induced de-
crease in P-Akt, P-mTOR, and P-S6 phosphorylation levels in
primarily cultured cortical neurons; the autophagy inhibitor
BafAl could further aggravate or alleviate OGD-induced is-
chemic injuries in cPKCy*"* and cPKCy ™~ neurons, respec-
tively. In addition, we found that cPKCy restoration could
significantly decrease both the ratio of LC3-1I/LC3-I and
Beclin 1 expressions and improve ischemic injuries in primar-
ily cultured cortical cPKCy '~ neurons after OGD treatment.
These results demonstrated that cPKCy-modulated autophagy
is neuron-specific through regulating the Akt-mTOR pathway,
but how cPKCy modulates the Akt-mTOR pathway is
unclear.

According to recent reports, the Akt phosphorylation might
be modulated by cPKCy in neurons. In response to various
stimulations, activated PI3K promotes the production of phos-
phatidylinositol 3,4,5-trisphosphate (PIP3), leading to phos-
phorylate Akt at Ser473 by PDK2, (II isoform of cPKC
[52]. cPKCpII can physically associate Akt and regulate Akt
activity by directly phosphorylating Ser473 in vitro and in
IgE/antigen-stimulated mast cells [53, 54]. Bacopa monnieri
(BM) plays a neuroprotective role via significantly activating
PKC and elevated the level of p-Akt (S473) on OGD-induced
ischemic injury in hippocampal cells [55]. We also reported
that cPKCy membrane translocation (activation) significantly
increased in the development of cerebral HPC to play neuro-
protection. These reports indicated that cPKCy may play an
important role in maintaining the Akt phosphorylation status,
but the detailed molecular mechanism is needed to be ex-
plored in the future experiment.

In conclusion, cPKCy could alleviate ischemic injury and
improve the neurological outcome of mice with ischemic
stroke through the modulation of Akt-mTOR pathway-medi-
ated autophagy. cPKCy-modulated autophagy is neuron-
specific and cPKCy may play a key role in maintaining the
Akt phosphorylation status, but the detailed molecular mech-
anism requires further exploration. In addition, the autophagy
must be moderate to allow for neuroprotection, since either
inhibiting or stimulating this process could be detrimental to
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neurons. However, the translation of this knowledge into med-
icine and clinical use still requires further investigation, par-
ticularly in finding the right window, be it time period or a
specific medical reagent, to mediate a moderate level of au-
tophagy that could induce neuroprotection.
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