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Abstract
Cerebral ischemia is known to trigger a series of intracellular events such as changes in metabolism, membrane function and 
intracellular transduction, which eventually leads to cell death. Many of these processes are mediated by intracellular signal-
ing cascades that involve protein kinase activation. Among all the kinases activated, the serine/threonine kinase family, protein 
kinase C (PKC), particularly, has been implicated in mediating cellular response to cerebral ischemic and reperfusion injury. 
In this study, using oxygen–glucose deprivation (OGD) in acute cortical slices as an in vitro model of cerebral ischemia, 
I show that PKC family of isozymes, specifically PKCγ and PKCε are differentially activated during OGD. Detecting the 
expression and activation levels of these isozymes in response to different durations of OGD insult revealed an early activa-
tion of PKCε and delayed activation of PKCγ, signifying their roles in response to different durations and stages of ischemic 
stress. Specific inhibition of PKCγ and PKCε significantly attenuated OGD induced cytotoxicity, rise in intracellular calcium, 
membrane depolarization and reactive oxygen species formation, thereby enhancing neuronal viability. This study clearly 
suggests that PKC family of isozymes; specifically PKCγ and PKCε are involved in OGD induced intracellular responses 
which lead to neuronal death. Thus isozyme specific modulation of PKC activity may serve as a promising therapeutic route 
for the treatment of acute cerebral ischemic injury.
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Introduction

Cerebral ischemia is a leading cause of death and also the 
most common cause of long- term disability worldwide. 
It is known to trigger a series of destructive cellular pro-
cesses including excitotoxicity, spreading depolarization, 
changes in metabolism, membrane function, inflammation 
and blood–brain barrier breakdown, which eventually lead to 
cell injury/death. Many of these processes are mediated by 
intracellular signaling cascades that involve protein kinase 

activation [1–3]. In particular, protein kinase C (PKC) has 
been believed to play a crucial role in mediating cellular 
responses to cerebral ischemia, as PKCs are extensively 
expressed in the brain, and are involved in a myriad of cel-
lular processes; both physiological and pathological, such as 
neurotransmitter release, ion homeostasis, synaptic plastic-
ity, plasma membrane failure, apoptosis etc. [4–6].

Protein kinase C (PKC), a family of 10 phospholipid-
dependent serine-threonine kinases are divided into three 
groups: conventional (PKC-α, βI, βII and γ), novel (PKC-
δ, ε, η and θ) and atypical (PKC ι/λ and ς), based on their 
structure and co-factor requirements for activation. The 
conventional isoforms are activated by calcium (Ca2+) and 
diacylglycerol (DAG) or phorbol ester, the novel isoforms 
by DAG or phorbol ester, but are calcium independent, and 
the atypical PKC isoforms which are not activated by DAG, 
phorbol ester, or Ca2+. When activated, PKCs translocate 
from the soluble cytosolic fraction to cellular membranes, 
where they then interact with anionic phospholipids [7] like 
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DAG, and are properly localized by receptors for activated C 
kinase (RACKs) to phosphorylate neighboring protein sub-
strates [8]. PKC isozyme activity has been reported during 
ischemic injury in several tissues like the cardiac, hepatic 
and renal [9–11]. The involvement of PKCs in the chain 
of events following cerebral ischemia is debatable due to 
varied reports [12, 13]. Some studies report that total PKC 
levels and activity increase at very early time points follow-
ing ischemia in an in vivo model [14, 15]. Inhibition of PKC 
using non-specific PKC inhibitors such as H7, calphostin 
C, or staurosporin, defends against excitotoxic cell death 
induced by nitric oxide, anoxia or glutamate in vitro [16, 17] 
and against ischemic damage in vivo [18]. However, major-
ity of the studies have reported a loss in PKC activity and 
expression following ischemia implicating PKC is down-
regulated/degraded [19, 20]. A total loss in PKC activity is 
also reported to be observed in in vitro culture models of 
ischemic and excitotoxic cell death [21, 22]. These conflict-
ing reports from previous studies may arise from the use 
of different ischemic models, activation factors, cell types, 
duration and intensities of ischemic insult and the use of 
non-specific pharmacological tools. Moreover, the fact that 
individual PKC isoforms mediate different and sometimes 
opposing actions even after being activated by the same 
stimulus [23] could also have contributed to these contro-
versial results. However, the exact role of individual PKC 
isozymes as positive or negative modulators of ischemic 
neuronal damage has been unclear but might include mul-
tiple cellular machineries. In the present communication, 
I investigated the role of PKC isozymes in mediating neu-
ronal signaling pathways during oxygen glucose depriva-
tion (OGD), an in vitro model for cerebral ischemia, in rat 
cortical slices.

Materials and Methods

Materials

Fura-2 acetoxy methyl ester (Fura-2-AM; Cat# F1221), 
Rhodamine123 (Rh123; Cat# R8004), 2′7′- dichlorodihydro 
fluorescein diacetate (H2DCF-DA; Cat# D6883) and plu-
ronic F-127 (Cat# P6867) were obtained from Molecular 
Probes Inc. (Eugene, OR, USA). Protein kinase C epsilon 
(PKC-ε; Cat# sc-1681)), protein kinase C gamma (PKC-
γ; Cat# sc-166385)), β-actin (Cat# sc-47778) antibodies 
were procured from Santa Cruz, USA. Carbonyl cyanide 
3-chlorophenylhydrazone (CCCP), chelerythrine chloride 
(Cat# C2932), ethylene glycol-bis (2-aminoethylether)-
N,N,N′′,N′′-tetraacetic acid (EGTA), aprotinin, leupeptin, 
pepstatin, sodium orthovanadate, phenylmethanesulfo-
nyl fluoride (PMSF), acrylamide, dithiothreitol (DTT), 
sodium fluoride (NaF) and horse-radish peroxide antibody 

(goat-antirabbit; Cat# AP132P) were purchased from Sigma 
Aldrich, India. Cell-permeable myristoylated translocation 
peptide inhibitors specific for PKCγ (Myr-RLVLAS-OH) 
and PKCε ((Myr-EAVSLKPT-OH) were custom synthesized 
by Imgenex Pvt. Ltd, Bhubaneshwar, Odisha, India. Super-
signal® West Pico chemiluminiscent substrate was procured 
from Pierce, Rockford, USA). Immobilon® Polyvinyledene 
difluoride (PVDF) membrane was purchased from Millipore, 
USA). Horse-radish peroxide antibody (goat-antimouse; 
Cat# 1140680011730) was obtained from Bangalore Genei, 
Bengaluru. All other chemicals were of analytical grade 
obtained from commercial sources.

Preparation of Rat Cortical Slices

Animals were obtained from the Central Animal Research 
Facility (CARF) of National Institute of Mental Health and 
Neurosciences, Bengaluru, India. All experimental proto-
cols and procedures were performed in accordance with the 
guidelines set by the Institutional Animal Ethics Commit-
tee (IAEC) for the care and use of animals for experimental 
work. Animals were housed in polypropylene cages and they 
had access to pelleted diet and water ad libitum. Adult male 
Sprague–Dawley rats aged 2 months were used throughout 
the study. Acute cerebral cortical slices prepared from the 
parietal region were used as the experimental system. A total 
of 45 rats were used for this study. Briefly, rats were sacri-
ficed by cervical dislocation; decapitated and whole brains 
were rapidly removed and placed in ice-cold high sucrose 
buffer (composition in mM: 215 Sucrose, 2.5 KCl, 10 d-Glu-
cose, 3.3 MgSO4, 0.5 CaCl2, 26.2 NaHCO3, 1.13 ascorbate; 
pH 7.4; 310–320 mOsm/L). 15–20 sagittal cortical slices 
of 350 µm thickness were prepared from either hemisphere 
from the parietal region of the cerebrum using a vibratome 
(The Vibratome Company, USA). The tissue remained sub-
merged in ice-cold high sucrose buffer for minimal damage 
during slice preparation. Individual slices were trimmed to 
separate the sub-cortical structures from the cortical region. 
Subsequently the slices were incubated in Kreb’s Hensleit 
(KH) buffer [artificial cerebrospinal fluid (aCSF)] (124 mM 
NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.2 mM CaCl2, 23 mM 
NaHCO3, 1.2 mM KH2PO4, HEPES and 10 mM d-Glucose; 
pH 7.4, 300–305 mOsm) that was continuously equilibrated 
with 95% O2 and 5% CO2 at room temperature for 60 min 
to achieve complete metabolic recovery. The viability of the 
slices was assessed by measuring the percentage of dissolved 
oxygen (%DO2) consumption using a Clark’s type polaro-
graphic dissolved oxygen meter (JENWAY Ltd, U.K). The 
DO2% of the buffer at different time points (0 min, 5 min, 
15 min, 30 min, 60 min and 120 min) was measured using a 
dissolved oxygen meter. In normoxic group, the initial DO2% 
was above 40%, which is well above the mean pO2 in arte-
rial blood. The DO2% in normoxic group after 120 min was 



2579Neurochemical Research (2019) 44:2577–2589	

1 3

found to be almost 20–21%, which is equivalent to 142.75 
mm of Hg. This is equal to the mean pO2 in arterial blood. 
This is a clear indication that the prepared slices maintained 
viability till 120 min. A total of 45 rats were used for this 
study.

Generation of Ischemic stress In‑Vitro

Oxygen–glucose deprivation (OGD) was used as in vitro 
model for cerebral ischemia. Percentage of dissolved oxygen 
(DO2%) has been used as a measure of ischemia. Follow-
ing metabolic recovery, I divided the slices into 2 groups: 
normoxic and oxygen-glucose deprived (ischemic). The nor-
moxic group slices (4–5 slices) were transferred to aCSF 
containing glucose pre-equilibrated with 95% O2 and 5% 
CO2. For inducing ischemia (OGD), 4–5 slices were trans-
ferred to aCSF lacking glucose and pre-equilibrated with 
95% N2 and 5% CO2. Glucose was substituted with equi-
molar concentration of sucrose to maintain osmolarity. For 
maintaining ischemic conditions, the aCSF containing slices 
was continuously bubbled with 95% N2 and 5% CO2 at a rate 
of ~ 2 L/min. Since my aim was to examine the time-course 
of the development of cerebral ischemia, so as to identify 
the underlying pathophysiological mechanisms, the DO2% 
of aCSF at different time points (in minutes: 0, 5, 15, 30, 60 
and 120) was measured using a Clark’s type polarographic 
dissolved oxygen sensor. In normoxic group the initial 
DO2% was above 40%, which is well above the mean pO2 
in arterial blood. The DO2% in normoxic group after 120 
min was found to be almost 20–21%, which is equivalent to 
142.75 mm of Hg. This is equal to the mean pO2 in arterial 
blood. In OGD groups the DO2% was found to be less than 
2.1% after equilibrating the aCSF with 95% N2 and 5% CO2 
for 30 min which is equal to 14.97 mm of Hg which is well 
within the generally accepted limit for in vivo hypoxia. 4–5 
slices were used for each time point/group/experiment. Once 
the model was established, the slices were exposed to the 
given experimental conditions.

Lactate Dehydrogenase Assay

Cell death was quantified by measuring lactate dehydroge-
nase (LDH) released from the slices into the extracellular 
medium. Cytotoxicity under the above set of experimental 
conditions was estimated by measuring the LDH released 
from the slices. 200 µL aliquots of aCSF were collected 
from both normoxic and OGD groups at different time points 
(0, 5, 15, 30, 60 and 120 min) for measuring the extent of 
cell death. 4/5 slices were used for each time point/group/
experiment. LDH activity was determined by monitoring the 
change in optical density (ΔO.D) or absorbance of NADH at 
340 nm for 3 min at room temperature using UV–Vis spec-
trophotometer (Labomed, USA). The total protein content in 

the particulate fractions was estimated by Lowry’s method. 
LDH release at the above time points was normalized against 
total protein content and the specific activity was expressed 
as ΔO.D at 340 nm/min/g of protein [24].

Isolation of particulate fractions

Slices after respective treatment were stored in hypotonic 
lysis buffer (composition in mM; 25 HEPES, 0.3 NaCl, 0.2 
EDTA, 0.05 dithiothreitol, 20 NaF, 1 PMSF, 1.5 MgCl2, 0.1 
sodium orthovanadate, 0.025 mM aprotinin, 0.05 mM leu-
peptin, 0.05 mM pepstatin; pH 7.6) and frozen until analy-
sis. For Western blot analysis, the slices were homogenized 
in hypotonic lysis buffer using Dounce homogenizer. The 
particulate fractions were isolated as described in [25] with 
minor modifications. Briefly, the homogenate was centri-
fuged at 1000×g at 4 °C for 10 min. The supernatant was 
carefully taken off and re-centrifuged at 16,000×g for 15 
min. The pellet was re-suspended in lysis buffer containing 
0.1% Triton X-100 and was referred to as the ‘particulate’ 
fraction. The particulate fractions were evaluated for protein 
content by Lowry’s method.

Western Blot Analysis

Equal amounts (40 µg) of protein from normoxic and OGD 
groups at 0, 5, 15, 30, 60 and 120 min time points were 
separated by 10% SDS-PAGE and then transferred to PVDF 
membrane using a semi-dry electro blotting apparatus 
(Atto Corporation, Japan). After blocking in Tris-buffered 
saline with 0.1% (v/v) Tween-20 (T-TBS) and 5% non-fat 
dry milk at 4 °C overnight, the membrane was incubated 
for 2 h with primary antibodies: anti-rabbit-protein kinase 
C gamma (PKC-γ), protein kinase C epsilon (PKC-ε) and 
anti-mouse β-actin (PKC-γ at 1:1000, PKC-ε at 1:500 and 
β-actin at 1:1000 dilution respectively) at room temperature. 
The membrane was then washed with T-TBS followed by 
incubation with appropriate secondary antibody (HRP-GAM 
at 1:2000 and HRP-GAR at 1:1000 dilutions respectively) 
for 1 hour. β-actin expression was determined as an inter-
nal control. Immunoreactivity was detected using enhanced 
chemiluminiscence which was visualized using a camera 
attached to a computer assisted gel documentation system 
(Syngene, UK) and the band densities were quantified by the 
Image J software (NIH).

Intracellular Calcium [Ca2+]i Measurements

Intracellular calcium [Ca2+]i measurements were performed 
using a fluorescence spectrophotometer (SLM-AMINCO-
Bowman Series 2, Spectronic Instruments, SPECTRONIC 
UNICAM, Rochester, NY, USA) using the ratiometric 
calcium indicator dye Fura-2 AM. Briefly, metabolically 
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recovered slices were incubated for 1 hour in aCSF contain-
ing Fura-2 AM at a final concentration of 7.5 µM with 0.08% 
pluronic F-127 at 30–31 °C. With minor modifications to the 
cuvette-based fluorescence measurement method described 
in [26], after de-esterification of the dye, each slice was 
mounted on a rectangular glass cover slip and the top and 
bottom portions of the slice were fastened using thin strips 
of parafilm for support without inflicting any damage, with 
both sides of the slice in contact with aCSF. The cover slip 
was then placed diagonally into a fluorometer quartz cuvette 
in such a way that the incident beams could fall well within 
the slice area at an angle of 45o. The cover slip was held in 
position using a cuvette lid with a diagonal cut (Fig. S1). 
Normoxic and OGD experiments were carried out as men-
tioned above. For maintaining OGD conditions in the cuvette 
it was sealed and continuously flushed with 95% N2 and 5% 
CO2 at a rate of 2 L/min throughout the entire experimen-
tal duration. Background fluorescence from unloaded slices 
under my experimental conditions was determined and sub-
tracted from total fluorescence prior to calculation of [Ca2+]i 
(Fig. S2). The dye-loaded slice was alternately excited at 
340 nm and 380 nm respectively and relative changes in 
[Ca2+]i were expressed as change in the ratio of 340/380 nm 
fluorescence emission at 500 nm. The change in fluorescence 
intensity ratio was monitored for 30 min duration (Fig. S3). 
After 30 min of OGD exposure, a sharp decrease in both 
340 nm and 380 nm individual traces were observed during 
fluorescence measurements. This could possibly be due to 
dye leakage into the extracellular medium from the slices. 
This may suggest an inability of the slices to retain the dye 
as a result of compromised cytoarchitecture upon continuous 
OGD exposure. Hence the fluorescence intensity changes 
were monitored only till 30 min.

Mitochondrial Membrane Potential Measurements

Mitochondrial membrane potential (ΔΨm) changes were 
monitored using the voltage-sensitive fluorescent probe 
Rh123. The slices were incubated with Rh123 (2 µM) in 
aCSF for 20 min at 30 °C and fluorescence measurements 
were performed as mentioned earlier. The dye was main-
tained at a concentration of 0.5 µM in the cuvette during 
measurements to maintain its equilibrium distribution and 
to compensate for dye leakage irrespective of changes in 
plasma membrane potential. Normoxic and OGD experi-
ments were carried out as mentioned above. Temporal 
changes in Rh123 fluorescence intensity (F) at 537 nm were 
normalized to the basal fluorescence intensity (F0). The 
fluorescence was recorded for up to 30 min. Fluorescence 
intensity changes were monitored only till 30 min due to the 
reasons mentioned above. At the end of the experiments, 
CCCP (1 µM) was added to the slices to determine the speci-
ficity of Rh123 to mitochondrial membrane potential (Fig. 

S4). 1–2 slices/group/experiment from a total of 5 animals 
were used for this experiment.

Reactive Oxygen Species (ROS) Formation 
Measurements

The rate of ROS formation was measured using the oxida-
tion sensitive fluorescent probe 2′7′-dichlorodihydrofluo-
rescein diacetate (H2DCF-DA). In brief, the slices were 
incubated with 100 µM of H2DCF-DA for 40 min at room 
temperature. After de-esterification the slices were mounted 
on a rectangular glass cover slip as described elsewhere. 
The slices were excited at 495 nm and H2DCF-DA fluores-
cence intensity changes in response to normoxia and OGD 
were monitored at 530 nm for 30 min. Normoxic and OGD 
experiments were carried out as mentioned earlier. The fluo-
rescence intensity (F) at a given time point was normalized 
to the baseline fluorescence intensity (F0) and represented as 
normalized DCF fluorescence. 1–2 slices/group/experiment 
from a total of 5 animals were used for this study.

Statistical Analysis

All results are expressed as mean ± SEM. Statistical evalu-
ation of the data was performed using Student’s t test or 
one-way analysis of variance with Bonferroni’s test. P < 0.05 
was considered significant.

Results

OGD Induces Cell Death in Rat Cortical Slices

Previous studies have reported that the pathways activated 
and cellular and molecular processes initiated at different 
time points of ischemic insult were relatively different. 
To determine the time dependent effect of normoxia and 
ischemia on slice viability, I measured the lactate dehydro-
genase (LDH) released into the extracellular medium at 0, 
5, 15, 30, 60 and 120 min by measuring the absorbance of 
NADH at 340 nm using UV–Vis spectrophotometer. Under 
normoxic conditions, there is a slow and steady rise in LDH 
release from cortical slices for up to 120 min suggesting 
slices were viable but showed a time dependent gradual 
decrease in slice viability. I found a significant increase 
in LDH release from 15 min (1.44 fold) onwards in slices 
exposed to in vitro ischemic conditions (OGD) and at 120 
min a maximal increase of 3.65 fold was observed as com-
pared to normoxic slices with same duration of exposure 
(Fig. 1a).
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PKC Inhibitors Attenuate OGD Induced Cell Death

Since OGD exposure caused significant cell death in corti-
cal slices, I sought to determine the overall effect of PKC 
family of isozymes on OGD induced cytotoxicity. For this, 
I used both general PKC inhibitors and inhibitors specific 
for PKC-ε and PKC-γ. The slices were pre-treated with the 
general PKC inhibitor chelerythrine chloride (10 µM for 15 
min) in KH buffer, and the LDH released into the extracel-
lular medium at the above time points was measured. The 
LDH release was significantly lower even in chelerythrine 
chloride pre-treated normoxic slices compared to untreated 

normoxic slices. I observed that pre-treatment with cheler-
ythrine chloride attenuated OGD induced LDH release by 
34.38 ± 4.23, 42.17 ± 6.23%, 55.90 ± 8.16%, 59.63 ± 6.08 
and 64.38 ± 10.2% at 5, 15, 30, 60 and 120 min respectively 
(Fig. 1a). This suggests that overall activity of PKC family 
of isozymes is deleterious to neuronal survival during OGD.

Since the cytotoxicity experimental data with general 
PKC inhibitor indicated that PKC activity contributes sub-
stantially towards OGD induced toxicity, I further evalu-
ated the involvement of PKC-γ, which is expressed exclu-
sively in brain and PKC-ε, which is reported to be involved 
in ischemic preconditioning in the brain, in the observed 
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Fig. 1   Comparative study of lactate dehydrogenase (LDH) release 
assay. a (i) LDH release under normoxic and oxygen glucose depri-
vation (OGD) for different time durations of 0, 5, 15, 30, 60 and 120 
min. Data presented as mean ± SEM from 6 different experiments.$ 
P < 0.05,$$ P < 0.001 observed between normoxic and OGD groups. 
ii) Effect of chelerythrine chloride (10 µM) on OGD-induced cytotox-
icity. Data presented are mean ± SEM from 4 different experiments. 
*P <  0.05, #P <  0.01, **P <  0.001 between OGD and OGD with 
chelerythrine chloride pre-treatment groups. *P < 0.05 normoxia ver-
sus normoxia with chelerythrine chloride and OGD and OGD with 
chelerythrine chloride respectively. b Effect of PKC-γ specific pep-
tide inhibitor ((10 μM) on OGD-induced cytotoxicity. Data presented 
are mean ± SEM from 4 different experiments. *P < 0.005 and **P 

<  0.001 between normoxic versus normoxia with PKC-γ inhibitor 
pre-treated groups and OGD versus OGD with PKC-γ inhibitor pre-
treated groups. c Effect of PKC-ε specific peptide inhibitor (10 μM) 
on OGD-induced cytotoxicity. Data presented are mean ± SEM from 
4 different experiments. *P <  0.005 and **P <  0.001 between nor-
moxic versus normoxia with PKC-ε inhibitor pre-treated groups and 
OGD versus OGD with PKC-ε inhibitor pre-treated groups. d Effect 
of extracellular calcium on OGD-induced LDH release. Data pre-
sented are mean ± SEM from 3 different experiments. #P < 0.05, *P 
< 0.005 and **P < 0.001 between OGD, OGD in calcium-free aCSF 
and OGD in calcium-free aCSF with chelerythrine chloride pre-
treated groups



2582	 Neurochemical Research (2019) 44:2577–2589

1 3

toxicity. The activity of PKC-γ isozyme was inhibited by 
utilizing isozyme specific myristoylated hexa-peptide inhibi-
tor, myr-RLVLAS-OH (10 µM for 30 min) in KH buffer. 
This cell permeable peptide derived from the C2 domain 
of PKC-γ is isozyme-selective and competes with activated 
PKC-γ for binding to γ –RACK thus inhibiting its func-
tion [27]. I found that PKC-γ inhibition during OGD insult 
led to a significant inhibition in LDH release from 5 min 
(73.38 ± 4.37%) onwards (Fig. 1b). The maximal inhibition 
in LDH release was observed at 30 min (75.74 ± 10.29%) 
and after 60 min of OGD the protective effect of the peptide 
inhibitor starts to decline. I next determined the effects of 
PKC-ε isozyme inhibition on OGD-induced neuronal death 
in cortical slices using the PKC-ε selective inhibitor pep-
tide, myr-EAVSLKPT-OH (10 µM for 30 min) in KH buffer. 
This octapeptide is a cell permeable myristoylated transloca-
tion inhibitor peptide of PKC-ε [28] that selectively inhib-
its PKC-ε in a reversible manner. PKC-ε inhibition during 
OGD insult resulted in a marked reduction (64.64%) in LDH 
release from 5 min onwards (Fig. 1c). The inhibition levels 
remained almost stable till 30 min and start to decrease from 
60 min onwards.

OGD‑Induced Cytotoxicity is Ca2+‑Dependent

To determine whether OGD induced neurotoxicity is cal-
cium-dependent; I next assessed the extent of LDH release 
in calcium-free aCSF as compared to calcium containing 
conditions. Slices exposed to OGD in calcium free aCSF 
containing 1 mM EGTA showed a significant reduction in 
LDH activity compared to slices exposed to OGD in cal-
cium containing aCSF (Fig. 1d). Since I observed a sig-
nificant decrease in LDH release in chelerythrine chloride 
pre-treated OGD slices from 15 min onwards I chose the 
time points 15 min, 30 min, 60 min and 120 min for this 
experiment. The LDH release at the end of 120 min in OGD 
slices under calcium free conditions was found to be 44.58% 
lesser as compared to slices in calcium containing condi-
tions, indicating that calcium influx is a major contributing 
factor in OGD induced cytotoxicity.

I further investigated the role of calcium independent 
PKC isozymes in OGD induced cytotoxicity. Slices were 
pre-treated with chelerythrine chloride (10 µM) and the 
LDH activity in calcium free aCSF was measured. Chel-
erythrine chloride pre-treated slices showed a significant 
reduction (50.85 ± 7.15%) in LDH release till 60 min of 
OGD exposure (Fig. 1d). However, at 120 min the inhibitor 
did not confer neuroprotection against OGD induced LDH 
release as compared to untreated slices. The LDH activity 
in chelerythrine chloride pre-treated OGD slices was lesser 
than that seen in untreated groups even in the absence of 
calcium.

PKC‑γ and PKC‑ε are Activated During OGD

As my cytotoxicity data indicated a reduction in OGD 
induced LDH release on PKC-γ and PKC-ε inhibition, I 
next investigated the effect of OGD on the expression levels 
of PKC-γ and PKC-ε isozymes, in particulate fractions of 
normoxic and ischemic slices. Redistribution of PKC from 
soluble to particulate fraction is considered as a marker for 
PKC activation. The band densities of normoxic and OGD 
groups in western blots were normalized against β-actin 
and PKC-γ and PKC-ε levels in the particulate fractions 
of normoxic slices were normalized to 100%. Quantitative 
analysis of PKC-γ isozyme levels in the particulate frac-
tions of slices exposed to shorter durations (up to 15 min) 
did not result in a significant rise in total PKC-γ gamma 
levels compared to normoxic slices (Fig. 2a). But there was 
a significant enhancement in PKC-γ translocation to the par-
ticulate fractions from 15 min of OGD exposure. A maximal 
increase (30.62 ± 5.47%) in PKC-γ levels in the particulate 
fraction was seen at 60 min (Fig. 2b). However, the PKC-γ 
levels in particulate fraction revert back to corresponding 
normoxic levels at 120 min time point, suggesting a deacti-
vation of PKC-γ from 120 min of OGD exposure. Cheleryth-
rine chloride pre-treatment partially inhibited OGD induced 
PKC-γ activation (data not shown). Particulate fractions of 
slices exposed to shorter durations of OGD resulted in an 
increase (Fig. 2c) in PKC-ε translocation at 15 and 30 min 
(20 ± 5.64%) and (32 ± 6.34%), respectively, compared to 
the corresponding normoxic slices (Fig. 2d), indicating that 
PKC-ε is activated during OGD. The PKC-ε levels declined 
considerably in chelerythrine chloride pre-treated slices (not 
shown).

[Ca2+]i Increase During OGD

Intracellular calcium overload is considered to be a crucial 
factor in ischemic cell death. My cytotoxicity data under 
calcium free conditions indicated that OGD induced cell 
death is calcium dependent. Hence I sought to determine 
the intracellular calcium changes during my experimental 
conditions. Fura-2 loaded slices were exposed to OGD and 
normoxic conditions and the rise in intracellular calcium 
[Ca2+]i, was recorded for 30 min. In normoxic slices, the 
basal intensity ratio (340/380 nm) was determined to be 
3 ± 0.5 and this ratio remained stable for 30 min.

In slices exposed to OGD, even the basal fluorescence 
intensity ratio was 40.85% more than that of normoxic 
group. The slices showed an initial relatively rapid rise in 
[Ca2+]i up to 10 min of exposure as evidenced by an increase 
in fluorescence intensity ratio, followed by a slow rise which 
attained a plateau later (Fig. 3a, b). The magnitude of cal-
cium rise in OGD groups was 36% greater than that of nor-
moxic groups at the end of 30 min.
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Fig. 2   Time-dependent activation of PKC-γ and PKC-ε isozymes 
during OGD. a Representative western blot of PKC-γ. ‘C’ represents 
normoxia and ‘O’ represents OGD experimental sets. ‘Cc and Oc’ 
represents chelerythrine chloride (10 µM) pre-treated normoxic and 
OGD groups respectively. b Quantitative analysis of PKC-γ in the 
blot. The band densities of PKC-γ were normalized against β-actin 
and presented as percent increase in PKC-γ levels with respect to nor-

moxic group at the same time points. Data are mean ± SEM from 5 
different experiments. #P < 0.05 and *P < 0.001 as compared to nor-
moxic groups. c Representative western blot of PKC-ε. d Quantita-
tive analysis of PKC-ε in western blots. Data are mean ± SEM from 4 
different experiments. #P < 0.005 and *P < 0.001 as compared to nor-
moxic groups at the same time points

Fig. 3   Effect of PKC-ε and PKC-γ peptide inhibitors on OGD-
induced intracellular calcium rise. a Temporal profile of OGD 
induced [Ca2+]i rise in the presence and absence of PKC-ε and PKC-γ 
inhibitors (10 µM each). b Change in fluorescence intensity ratio 

340/380 nm after 30 min of OGD exposure in PKC-ε and PKC-γ pep-
tide inhibitor pre-treated and untreated slices. Data are mean ± SEM 
from five different experiments. *P and #P < 0.001 versus normoxic 
and OGD, and OGD and OGD with inhibitor groups respectively
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Earlier, I had observed a reduction in OGD induced 
LDH release when incubated in calcium-free aCSF. 
Hence, I carried out intracellular calcium measurements 
in calcium free aCSF under OGD conditions to determine 
whether there is any Ca2+ release from intracellular stores 
which would contribute towards the observed residual tox-
icity. Negligible [Ca2+]i response was elicited on exposure 
to OGD, indicating that the increase in [Ca2+]i is mainly 
due to Ca2+ influx (Fig. S5).

PKC‑γ and PKC‑ε Contribute to OGD‑Induced 
[Ca2+]irise

Several reports have suggested the presence of multiple 
isozymes of PKCs in the brain and their possible con-
trasting roles in mediating cellular processes. Since my 
cytotoxicity data in the presence of chelerythrine chlo-
ride in calcium free buffer showed a reduction in cell 
death I examined the involvement of PKC isozymes in 
OGD induced [Ca2+]i raise in the presence of cheleryth-
rine chloride. Since chelerythrine chloride was interfer-
ing with Fura-2 fluorescence the experiment could not 
be performed. I next tested the contribution of two spe-
cific PKC isozymes, PKC-γ and PKC-ε to OGD induced 
[Ca2+]i rise. I found that specifically inhibiting PKC-γ 
and PKC-ε during OGD resulted in a marked decrease in 
OGD induced [Ca2+]i rise (Fig. 3a). The [Ca2+]i in OGD 
group pre-treated with PKC-γ inhibitor was attenuated by 
37.16 ± 1.19% after 30 min as compared to non-treated 
OGD group. Pre-treatment with PKC-ε inhibitor during 
OGD led to a considerable reduction (31.85 ± 6.2%) in 
[Ca2+]i response at the end of 30 min as compared to 
untreated OGD group (Fig. 3b).

PKC‑γ and PKC‑ε Inhibition Reduces OGD‑Induced 
Mitochondrial Membrane Depolarization

Mitochondrial dysfunction is a critical determinant of 
ischemic neuronal injury. I studied whether mitochondrial 
membrane potential (ΔΨm) is affected under my experimen-
tal conditions. I detected that the ΔΨm of normoxic slices 
loaded with rhodamine 123 (Rh123) did not alter signifi-
cantly till 30 min. The slices exposed to OGD stress showed 
an initial rapid increase (17.6 fold) in Rh123 fluorescence 
was observed followed by a steady and continuous increase 
at later stage (Fig. 4a). This data suggest that mitochondrial 
membrane depolarizes during OGD.

To understand the effect of PKC-γ and PKC-ε in this 
depolarization, I individually pre-treated the slices with 
PKC-γ and PKC-ε specific peptide inhibitors (10 µM each) 
for 30 min and subjected to OGD insult. I found that in 
PKC-γ inhibitor treated slices, OGD exposure resulted in a 
decrease of 70 ± 1.44% in the extent of mitochondrial mem-
brane depolarization at 30 min. PKC-ε inhibition during 
OGD resulted in an inhibition in mitochondrial depolariza-
tion by 58.69 ± 0.69% at 30 min as compared to untreated 
OGD slices (Fig. 4b).

PKC‑γ and PKC‑ε are Involved in Increased 
Generation of ROS During OGD

To determine the effect of OGD on reactive oxygen spe-
cies formation, the rate of ROS production under normoxic 
and OGD conditions was assessed. I found that in DCF 
loaded slices exposed to OGD there was an increase in 
DCF fluorescence by 8.59 fold as compared to normoxic 
slices, indicating an increase in ROS production (Fig. 5a). 
To understand the roles of PKC-γ and PKC-ε isozymes in 

Fig. 4   Effect of PKC-ε and PKC-γ peptide inhibitors (10 µM each) 
on OGD-induced mitochondrial membrane depolarization. a Time 
course of OGD induced mitochondrial membrane depolarization. b 
Change in Rh123 fluorescence at the end of 30 min upon OGD expo-

sure in PKC-ε and PKC-γ peptide inhibitor pre-treated and untreated 
slices. Data are mean + SEM from five different experiments. *P and 
#P < 0.001 normoxic versus OGD, and OGD versus OGD with inhibi-
tor groups respectively
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ROS formation during these conditions the slices were pre-
treated with PKC-γ and PKC-ε peptide inhibitors prior to 
OGD insult and I observed that PKC-γ inhibition during 
OGD resulted in substantial inhibition (44.04 ± 2.92%) in 
ROS formation. PKC-ε inhibition under OGD too resulted 
in a significant reduction (39.58 ± 3.39%) in ROS formation 
in slices (Fig. 5b).

Discussion

Despite several investigations, it remains unclear whether 
PKCs mediate or are merely activated during ischemic injury 
[12, 13]. The present study delineates the role of PKCs in 
general and PKC-γ and PKC-ε isozymes in particular, in 
modulating the downstream events activated in response to 
different durations of in vitro ischemia. Experimental and 
clinical studies have shown that various brain areas express 
differential sensitivity to oxygen and/or glucose deprivation 
[29–31]. My cytotoxicity data showed that OGD signifi-
cantly reduced slice viability as evidenced by an increase 
in LDH released into the extracellular medium similar to 
previous studies [32, 33]. There is little evidence on whether 
PKCs play a damaging or beneficial role during ischemia. 
My data showed that PKC inhibition during OGD markedly 
reduced cytotoxicity as evidenced by a decrease in LDH 
release. This clearly suggests a damaging role for PKCs in 
neurotoxicity during OGD. These results are consistent with 
earlier reports where PKC inhibition with general inhibi-
tors protected against excitotoxic cell death in vitro and 
ischemic damage in vivo [13, 34]. Conversely, other studies 
have reported a loss of PKC activity in culture models of 
ischemia which correlates with neurodegenerative processes 
[21]. Moreover, an earlier study in primary cortical neurons 

showed that an early loss of membrane PKC is a necessary 
step in excitatory amino acid induced death [22].

Calcium is known to play a major role in downstream 
signaling pathways mediating ischemic injury. My experi-
ments in calcium free aCSF showed a reduction in cytotoxic-
ity during OGD, suggesting that neuronal death during OGD 
is calcium dependent to a large extent similar to an earlier 
report [35]. The residual toxicity observed in the absence of 
extracellular Ca2+ could be due to other factors like eleva-
tion of [Na+]i and release of Ca2+ from intracellular stores 
and subsequent activation of downstream pathways. Further 
reduction in cytotoxicity on chelerythrine chloride pre-treat-
ment suggests that PKCs still contribute towards toxicity 
under these experimental conditions. The PKCs involved 
could be the nPKCs which are [Ca2+]i independent, though 
the role of Ca2+ dependent cPKCs cannot be completely 
ruled out as my Ca2+-free experiments were conducted with-
out emptying intracellular Ca2+ stores.

Mammalian brain is known to express cPKCs viz., PKC 
α, β, γ, and nPKCs viz., ε, δ, η and θ [36]. The overall cel-
lular responses of PKCs result from collective actions of 
individual PKCs that are co-expressed in a particular cell 
type. Although the use of pharmacological inhibitors and 
activators suggested a neurotoxic role for PKCs in ischemic 
injury, I sought to delineate the involvement of specific 
PKCs in OGD. I investigated the involvement of PKC-γ, 
which is expressed exclusively in brain, spinal cord and 
retina [37] and PKC-ε, which is reported to be involved in 
ischemic preconditioning-induced protection in brain [13, 
38]. Specific inhibition of PKC-γ or PKC-ε resulted in a 
marked reduction in LDH release during OGD. However, 
in an in vitro culture model of OGD, PKC-γ inhibition by 
TAT conjugated peptide (TAT- RLVLAS) showed no effect 
on cell survival [13].

Fig. 5   Effect of PKC-ε and PKC-γ peptide inhibitors (10 µM each) on 
OGD-induced changes in reactive oxygen species (ROS) formation. 
a Time course of OGD induced ROS formation. b Change in DCF 
fluorescence upon OGD insult in PKC-ε and PKC-γ peptide inhibi-

tor pre-treated and untreated slices. Data are mean ± SEM from five 
different experiments. *P < 0.005 between normoxic and OGD groups 
and #P < 0.005 between OGD and peptide inhibitor pre-treated OGD 
groups respectively
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I further assessed alterations in the expression levels of 
PKC-γ and PKC-ε in particulate fraction of slices following 
OGD. I found that PKC-γ was translocated to the particulate 
fraction after OGD. This pattern is suggestive of recruitment 
of enzymes, clearly necessary for eliciting neurotoxic/neuro-
protective cell responses. In contrast to previous studies [39], 
I did not observe any noticeable change in PKC-γ levels in 
the particulate fraction during early stages of OGD. These 
observations lead to the conclusion that PKC-γ isoform acti-
vation may account for the deleterious processes during later 
stages of cerebral ischemia and its inhibition confers neuro-
protection. Here, I also demonstrate the specific activation 
of PKC-ε in response to OGD. Even with short durations 
of OGD a significant increase in PKC-ε membrane translo-
cation was observed which reverted back to corresponding 
normoxic levels during longer durations of OGD. Conflict-
ing reports exist on PKC-ε activity during cerebral ischemia. 
Some studies report that PKC-ε is activated following OGD 
or in response to kainic acid treatment in in vitro and in vivo 
models [12, 40]. Another study in embryonic cortical culture 
has shown a decline in PKC-ε levels in both cytosolic and 
particulate fractions after OGD [13]. Other reports however, 
suggest that PKC-ε does not respond to ischemia/ischemia-
like insults [41, 42]. These discrepancies could be attributed 
to differences in the duration and severity of insult in these 
models, cell types involved and the time points selected for 
assessing PKC-ε activity. Notably, many of these studies 
assess PKC-ε during the period of reperfusion/precondition-
ing. Contrary to earlier reports, my data showed that acute 
OGD exposure resulted in enhanced PKC-ε translocation 
to the particulate fraction. PKC-ε activation at very early 
time points during OGD suggests that this isozyme is acti-
vated following even short durations of ischemia; similar 
to a preconditioning stimulus. These results are consistent 
with studies using an organotypic hippocampal slice model 
in which PKC-ε is activated within 1hr following a NMDA-
induced preconditioning stress, however, does not persist at 
3hr post-NMDA treatment [43]. From my observations, it is 
likely that the activated PKC-ε may mediate the early cellu-
lar response to brief or sub-lethal ischemia, such as precon-
ditioning. Sustained PKC-ε activation till 30 min of OGD 
also implies that PKC-ε activity contributes to ischemic 
response under severe ischemic insults. The decline in levels 
of both the PKCs at later stages during OGD could be due to 
degradation/downregulation of activated PKCs by calpains 
[44] or by activation of the ubiquitin/proteasome pathway 
[45] as occurs after prolonged PKC activation.

It is well established that calcium plays a crucial role 
in the pathophysiology of ischemic injury [46, 47]. PKC 
activation is related to cell signaling pathways involving 
changes in cytoplasmic Ca2+ levels and transmitter release 
in CNS neurons. My results demonstrate that there is an 
increase in [Ca2+]i in response to OGD similar to another 

study on mouse layer V and layer II/III pyramidal neurons in 
brain [48]. Over-activation of glutamate receptors, opening 
of voltage-gated channels and failure of Ca2+ extrusion are 
some of the mechanisms that might cause excessive [Ca2+]i 
accumulation under energy deprivation [49]. My data sug-
gested an increased activity of both PKC-γ and PKC-ε dur-
ing OGD, implicating them in mediating cellular response to 
ischemia. Inhibiting PKC-γ or PKC-ε resulted in a reduction 
in [Ca2+]i rise during OGD, suggesting their involvement 
in modulating OGD induced calcium influx. The greater 
attenuation in [Ca2+]i raise on inhibiting PKC-γ indicates a 
key modulatory role for this isozyme in OGD induced cal-
cium rise. Owing to the differences in severity of the insult, 
the diverse mechanisms involved in calcium rise may be 
different. Studies have reported a role for PKCs in modula-
tion of glutamate receptors [50, 51] as well as VGCCS [52]. 
Reduction in [Ca2+]i raise on PKC-γ or PKC-ε inhibition 
during ischemia could be attributed to these facts. Earlier 
studies have reported a role for both calcium influx [18] 
and calcium release from endogenous stores [53, 54] as a 
contributing factor to ischemic injury. My experiments in 
Ca2+-free aCSF showed negligible [Ca2+]i rise during OGD, 
indicating that calcium influx is the major contributing fac-
tor to Ca2+ overload during OGD.

Mitochondria are cellular centers of energy production 
and ionic homeostasis, as well as regulators of both necrotic 
and apoptotic cell death [2, 3]. I observed mitochondrial 
depolarization during OGD. There was a complete depolari-
zation of mitochondrial membrane during OGD as I did not 
observe any further depolarization with the mitochondrial 
uncoupler CCCP, in parallel to an earlier study conducted 
on substantia nigra slices [55]. Additionally, OGD is asso-
ciated with cytosolic Ca2+ rise [56], which is sequestered 
by mitochondria, further contributes to ΔΨm changes [57, 
58]. The significant diminution in mitochondrial depolariza-
tion on specific PKC inhibition during OGD implies a role 
for these isozymes in modulating mitochondrial functions 
during ischemia. The higher attenuation in mitochondrial 
depolarization afforded by PKC-γ inhibitor as compared to 
PKC-ε could probably be due to the relatively greater reduc-
tion of calcium rise on PKC-γ inhibition. PKC-ε regulates 
several mitochondrial functions during ischemic precondi-
tioning [59]. Nevertheless, PKC-ε is known to positively 
modulate mitochondrial channels and electron transport 
complexes during ischemic preconditioning [60].

Elevated [Ca2+]i lead to ROS production in the neuronal 
cytoplasm by activating calcium dependent enzymes such as 
xanthine dehydrogenase, phospholipases, nitric oxide syn-
thase, etc. and also lead to mitochondrial calcium overload 
[61], which results in mitochondrial damage, activation of 
the MPT, release of pro-apoptotic proteins, and ROS produc-
tion [62, 63]. I observed higher ROS formation during OGD 
which could be due to the fact that ETC complexes are in a 
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more reduced state during ischemia and superoxide produc-
tion is favored [64]. PKC-γ or PKC-ε inhibition significantly 
attenuated ROS production during OGD, suggesting the role 
of these isozymes in modulating OGD-induced ROS genera-
tion. It has been reported that PKC-ε gets activated under 
hypoxic conditions and the ROS thus generated further acti-
vates PKC-γ leading to severe neuronal injury [65]. Further 
studies need to be conducted to address the mechanisms of 
these effects.

In conclusion, the current study suggests that PKC 
family; specifically PKC-γ and PKC-ε, contribute signifi-
cantly towards OGD induced cytotoxicity. A simplified 
schematic overview of the important signal transduc-
tion pathways recruiting PKCs in the setting of cerebral 
ischemia is depicted in Fig. 6. They exhibit different acti-
vation profiles during OGD, with PKC-ε being activated 
earlier as compared to PKC-γ. The early PKC-ε activation 
during ischemia may initiate the cellular events during 
OGD, which followed by a delayed activation of PKC-γ 
would further exacerbate neuronal injury. Furthermore, 
my study shows that amongst the two isoforms, PKC-γ 
isoform contributes more towards [Ca2+]i rise, mitochon-
drial membrane depolarization and ROS production during 

OGD. These isoforms may thus play pivotal central nerv-
ous system-specific roles in mediating cellular responses 
to ischemic insult. This study may provide implications 
that isozyme specific modulation of PKC activity may be a 
promising therapeutic route for the treatment of acute cer-
ebral ischemic injury. Demarcating the specific signaling 
pathways involving PKCs, including different downstream 
effectors/mediators in different phases of ischemic injury 
will be crucial in developing PKC-based therapeutic app
roaches.
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Fig. 6   A simplified schematic representation of PKC signaling in 
cerebral ischemia/OGD. A simplified scheme providing an overview 
of the important signal transduction pathways recruiting PKCs in the 
setting of cerebral ischemia. Due to reduced supply of oxygen and 
glucose during ischemia/OGD the failure of Na+-K + ATP-ase leads 
to membrane depolarization causing excessive release and reduced 

uptake of the excitatory neurotransmitter, glutamate. This leads to 
the excitotoxicity and subsequent neurodegeneneration where PKCs, 
PKCε and PKCγ play a significant role. (PLC phospholipase C, PIP2 
phosphatidylinositol 4,5-bisphosphate, DAG diacylglycerol, IP3 ino-
sitol 1,4,5-triphosphate, GluRs glutamate receptors, MMP mitochon-
drial membrane potential depolarization
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