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In the brain, ischemic preconditioning (IPC) diminishes mitochondrial dysfunction after ischemia and confers neuroprotection. Activa-
tion of � protein kinase C (�PKC) has been proposed to be a key neuroprotective pathway during IPC. We tested the hypothesis that IPC
increases the levels of �PKC in synaptosomes from rat hippocampus, resulting in improved synaptic mitochondrial respiration. Precon-
ditioning significantly increased the level of hippocampal synaptosomal �PKC to 152% of sham-operated animals at 2 d of reperfusion,
the time of peak neuroprotection. We tested the effect of �PKC activation on hippocampal synaptic mitochondrial respiration 2 d after
preconditioning. Treatment with the specific �PKC activating peptide, tat-��RACK (tat-��-receptor for activated C kinase), increased
the rate of oxygen consumption in the presence of substrates for complexes I, II, and IV to 157, 153, and 131% of control (tat peptide
alone). In parallel, we found that �PKC activation in synaptosomes from preconditioned animals resulted in altered levels of phosphor-
ylated mitochondrial respiratory chain proteins: increased serine and tyrosine phosphorylation of 18 kDa subunit of complex I, de-
creased serine phosphorylation of FeS protein in complex III, increased threonine phosphorylation of COX IV (cytochrome oxidase IV),
increased mitochondrial membrane potential, and decreased H2O2 production. In brief, ischemic preconditioning promoted significant
increases in the level of synaptosomal �PKC. Activation of �PKC increased synaptosomal mitochondrial respiration and phosphorylation
of mitochondrial respiratory chain proteins. We propose that, at 48 h of reperfusion after ischemic preconditioning, �PKC is poised at
synaptic mitochondria to respond to ischemia either by direct phosphorylation or activation of the �PKC signaling pathway.
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Introduction
Ischemic preconditioning (IPC) refers to the protection con-
ferred by a mild ischemic challenge against a subsequent, nor-
mally lethal, ischemic insult. In the brain, IPC is a transient phe-
nomenon. The cellular and subcellular mechanisms that support
IPC remain unclear (for review, see Kirino, 2002; Dirnagl et al.,
2003; Kapinya, 2005; Gidday, 2006). IPC in both heart and brain
activates the � protein kinase C (�PKC) signaling cascade, a key
pathway that plays a critical role in neuroprotection afforded
against lethal ischemia (Di-Capua et al., 2003; Raval et al., 2003;
Lange-Asschenfeldt et al., 2004; Bright and Mochly-Rosen, 2005;
Chou and Messing, 2005; Li et al., 2005; Perez-Pinzon et al., 2005;
Long et al., 2006).

Several signaling pathways downstream of �PKC have been
described, including the following: the Src family of protein ty-
rosine kinases, the mitogen-activated protein kinase (MAPK)
p38, the MAPK/extracellular signal-regulated kinase (ERK) ki-
nase MEK1/2, and the serine/threonine kinase Akt (Bolli et al.,
1998; Bolli, 2000; Lange-Asschenfeldt et al., 2004; Weber et al.,

2005; Greco et al., 2006; Kim et al., 2007). These signaling path-
ways (and potentially many others yet to be identified) evoke
posttranslational modifications of existing proteins as well as
transcriptional activation and de novo protein synthesis that re-
sult in neuroprotection. Inhibition of apoptosis by �PKC in-
volves mitochondria (Baines et al., 2003). Baines et al. (2002)
demonstrated that transgenic mice expressing activated �PKC
formed �PKC–ERK “modules” in cardiac mitochondria. Several
protective mitochondrial targets for �PKC have been demon-
strated including the following: (1) �PKC interaction with sub-
unit IV of the mitochondrial respiratory chain cytochrome c ox-
idase complex, resulting in increase in its activity in cardiac
myocytes (Ogbi et al., 2004; Ogbi and Johnson, 2006); (2) pres-
ervation of coupled oxidative phosphorylation, prevention of
loss of mitochondrial cytochrome c, and conservation of mito-
chondrial membrane potential (��m) in response to anoxia–
reoxygenation (McCarthy et al., 2005); and (3) inhibition of mi-
tochondrial permeability transition pore (MPTP) opening by
direct interaction with pore components (Baines et al., 2003).
However, in the context of ischemic preconditioning in the brain,
the effect of �PKC activation on mitochondrial function remains
to be elucidated.

The central aim of the present study was to investigate the
interaction of �PKC with neuronal mitochondria. In a prelimi-
nary study, we showed that IPC increased the levels of �PKC in
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synaptosomes. Here, we specifically asked whether activation of
�PKC after ischemic preconditioning enhanced mitochondrial
function in hippocampal synaptosomes. We used synaptosomes
as a model system to study the effect of �PKC on mitochondrial
function in neurons. The main advantages of using the synapto-
somal preparation are as follows: (1) synaptosomes are anucle-
ated mammalian “mini-cells” containing mitochondria, presyn-
aptic vesicles, and containing cytoplasmic metabolic pathways
and protein synthesis machinery [for details, see review (Ni-
cholls, 2003)]; (2) mitochondria residing in synaptosomes repre-
sent neuronal mitochondria; (3) these mitochondria play an im-
portant role in neurotransmitter release by buffering calcium and
providing energy to maintain ionic gradients across synaptic
plasma membrane, all key factors affected by ischemia/reperfu-
sion; and (4) with proper care, synaptosomes can be harvested at
different times after an ischemic insult, thus more closely repre-
senting the state of neuronal mitochondria in vivo.

Materials and Methods
Chemicals. All chemicals were of analytical grade and were purchased
from Sigma-Aldrich (St. Louis, MO). The protein assay kit was pur-
chased from Bio-Rad (Hercules, CA).

Animal model. All animal procedures were performed in accordance
with the Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health and approved by the Animal Care and
Use Committee of the University of Miami. Male Sprague Dawley rats
weighing 250 –300 g were fasted overnight and then anesthetized with 4%
isoflurane and 70% nitrous oxide (in a balance of oxygen) by inhalation.
The femoral arteries were cannulated for blood pressure measurements
and for arterial sampling of blood gases. Arterial blood gases (model
ABL-500; Radiometer, Copenhagen, Denmark), plasma glucose levels
(One Touch glucose monitor; LifeScan, Milpitas, CA), and hematocrit
were measured throughout the experiment. Our goal was to maintain
blood gases in the normal range (arterial pCO2, 35– 40 mmHg; pO2,
120 –140 mmHg). If blood gases were not maintained within this range
throughout the period of surgery and data collection, the rats were killed
and not included in the analysis. After endotracheal intubation and arti-
ficial ventilation with 1% isoflurane and 70% nitrous oxide (in a balance
of oxygen), the rats were immobilized with pencuronium (0.75 mg/kg,
i.v.). Both common carotid arteries were exposed by a midline ventral
incision and gently dissected free of surrounding nerve fibers. Ligatures
of polyethylene (PE-10) tubing, contained within a double-lumen SI-
LASTIC tubing, were passed around each carotid artery. Brain tempera-
ture was monitored with a 33 gauge thermocouple implanted in the
temporalis muscle (Dietrich et al., 1993). The temperature was main-
tained at 36.5–37°C throughout the experiment by a small warming lamp
placed above the animal’s head.

Induction of ischemic preconditioning. Before preconditioning, blood
was gradually withdrawn from the femoral vein into a heparinized sy-
ringe to reduce systemic blood pressure to 50 mmHg. Cerebral ischemia
then was produced by tightening the carotid ligatures bilaterally. We
previously showed that this procedure promotes loss of ion homeostasis
(anoxic depolarization as measured with potassium-selective microelec-
trodes), as well as histopathological changes (Perez-Pinzon et al., 1997).
To allow postischemic reperfusion, the carotid ligatures were removed,
and the shed blood was reinjected into the femoral vein. This infusion
usually restored mean arterial blood pressure to 130 –140 mmHg. The
vessels were inspected to verify that perfusion was reestablished. The
ischemia was of 2 min duration. The two experimental groups were as
follows: (1) sham, sham surgery was performed on the animals; and (2)
IPC, 2 min of ischemia (IPC) was induced.

Isolation of hippocampal synaptosomes. Hippocampal synaptosomes
were isolated according to previously published procedures (Dunkley et
al., 1988) with a minor modification. In brief, rats were decapitated un-
der isoflurane anesthesia after IPC or sham operation. The hippocampus
was removed immediately and immersed into cold (4°C) isolation me-
dium. The average weight of hippocampus in all animal groups was �120

mg (pooled from both hemispheres). Isolation medium consisted of 250
mM sucrose, 1 mg/ml bovine serum albumin (fraction V) (BSA), 1.0 mM

ethylenediaminetetra-acetic acid, and 0.25 mM dithiothreitol, pH 7.4.
Tissue was minced with a pair of scissors and rinsed thoroughly with the
isolation medium. The minced tissue was homogenized in a hand-
operated glass Teflon homogenizer by seven up-and-down strokes. The
homogenate was diluted to yield 10% (w/v) homogenate. The homoge-
nate was centrifuged at 500 � g for 5 min in Sorvall (Newton, CT) RC5
centrifuge. The supernatant was collected in another tube. To improve
yield of synaptosomes, the pellet was rehomogenized and diluted to 10%
(w/v). This rehomogenization step is a modification to the previously
published procedures (Dunkley et al., 1988). The resulting homogenate
was centrifuged at 500 � g for 5 min in Sorvall RC5 centrifuge. The
supernatant then was pooled with the supernatant obtained from the
previous centrifugation. The pooled supernatant was layered on the Per-
coll gradient. The gradients were prepared in 3.0 ml polycarbonate tubes
and consisted of 0.6 ml each of 23, 15, 10, and 3% (v/v) Percoll. The
gradients were centrifuged at 32,500 � g for 5 min. The synaptosomes
were collected from the junction of 10 –15 and 15–23% Percoll layers.

The synaptosomes were washed once with isolation media, using 3.0
ml polycarbonate tubes, by centrifugation at 15,000 � g for 10 min. The
resulting pellet was washed with 0.25 M sucrose by centrifugation at
15,000 � g for 10 min. The resulting synaptosomal pellet was suspended
in 0.25 M sucrose to give �0.75–1.5 mg of protein per milliliter. Experi-
ments on synaptosomes were conducted using this respective final sus-
pension. The entire procedure was completed within 1–1.5 h. All synap-
tosomal isolation procedures were performed at 4°C.

Isolation of soluble fraction. This method is adapted from a previously
published technique (Mackay and Mochly-Rosen, 2001). The hippocam-
pus was homogenized in cell lysis buffer (4 mM ATP, 100 mM KCl, 10 mM

imidazole, 2 mM EGTA, 1 mM MgCl2, 20% glycerol, 0.05% Triton X-100,
17 �g/ml PMSF, 20 �g/ml soybean trypsin inhibitor, 25 �g/ml leupeptin,
and 25 �g/ml aprotinin). The homogenate was then centrifuged at 4°C at
1000 � g for 10 min. The supernatant (soluble fraction) was carefully
collected and recentrifuged at 16,000 � g for 15 min to exclude any
contaminating pellet material. The resulting supernatant was used as a
source of soluble fraction.

Ex vivo �PKC activation. Activation of �PKC was induced by incubat-
ing synaptosomes with either tat carrier peptide or tat-��-receptor for
activated C kinase (tat-��RACK) (�PKC activator) (Dorn et al., 1999;
Schwarze et al., 1999) (KAI Pharmaceuticals, South San Francisco, CA)
(1 �M final concentration) for 15 min at 4°C.

Polarographic studies in isolated synaptosomes. Substrate oxidation
rates and phosphorylating capacities of isolated synaptosomes were de-
termined polarographically and were performed essentially according to
the procedure of Hofhaus et al. (1996). For respiration studies, synapto-
somes were permeabilized with 0.007% digitonin. In brief, oxygen con-
sumption was measured polarographically in respiration medium con-
sisting of 150 mM sucrose, 25 mM Tris-HCl, pH 7.4, and 10 mM potassium
phosphate buffer, pH 7.4, using a 0.25-ml-capacity incubation chamber
with a water jacket (30°C) and a Clark-type oxygen electrode (Hansatech
Instruments, Norfolk, UK). The medium inside of the chamber was
stirred continuously with a magnetic stir bar. The signal from the oxygen
electrode was amplified, digitized, and acquired using Oxygraph hard-
ware and software (Hansatech Instruments).

The respiratory control index (RCI) was measured in the presence of 5
mM pyruvate and 2.5 mM malate. The RCI is defined as the ratio of the
respiratory rate in presence and absence of ADP (i.e., state 3/state 4). For
substrate oxidation, 0.03– 0.05 mg of synaptosomal protein was added
into the assay. The experiment was performed in the recording medium
described above. The rate of respiration in presence of 5 mM pyruvate
plus 2.5 mM malate, NADH-linked substrates, was measured in the pres-
ence of excess ADP (0.5 mM final concentration). The rate of oxygen
consumption was recorded for 2–3 min. The complex I reaction was
inhibited by addition of 10 �l of rotenone (5 mM). Next, 8 mM succinate
plus 4 mM glycerol-3-phosphate was added. The rate of oxygen con-
sumption was recorded for 2–3 min. The reaction was inhibited by ad-
dition of 10 �l of antimycin (10 �M), a complex III inhibitor. In the same
assay, 0.5 mM ascorbate plus 200 mM N, N,N�,N�-tetramethyl-p-
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phenylenediamine (TMPD) was added. The rate of oxygen consumption
was recorded for 1–2 min. This reaction was inhibited by addition of
potassium cyanide (1.8 mM).

In brief, the summary of the above mentioned sets of substrates are
given as follows: (1) pyruvate plus malate (promotes complex I activity
and respiration rate reflects the net efficiency of complexes I, III, and IV);
(2) succinate plus glycerol-3-phosphate (promotes complex II activity
and reflects efficiency of complexes II, III, and IV); and (3) ascorbate plus
TMPD (promotes complex IV activity and reflects efficiency of complex
IV).

Spectrophotometric studies in isolated synaptosomes. The measurement
of the specific activity of the individual complexes of the respiratory
chain was performed using absorbance-based spectrophotometric as-
says, as described by Rustin et al. (1994). Assays for each of the four
complexes were performed at 37°C. The volume of reaction was 1.0 ml in
the case of each complex. Each assay is described in detail below.

Measurements of rotenone-sensitive NADH-decylubiquinone oxi-
doreductase (complex I). The assay was performed with 20 – 40 �g of
synaptosomal protein at 340 nm using the acceptor decylubiquinone (50
�M) and 0.8 mM NADH as a donor, in 10 mM Tris-HCl buffer, pH 8.0,
medium containing 1 mg/ml BSA. To make the mitochondrial internal
membrane permeable to NADH, mitochondria were incubated with
H2O for 3 min at 37.5°C. Using 3 �M rotenone allowed us to quantify the
rotenone-sensitive activity.

Measurements of succinate phenazine methosulfate dichlorophenol indo-
phenol reductase (complex II). The assay was performed with 5–10 �g of
synaptosomal protein at 600 nm using 100 �M 2,6-dichlorophenol indo-
phenol as the acceptor and 16 mM succinate as the donor in a medium
containing 10 mM KH2PO4, pH 7.8, 2 mM ethylenediaminetetra-acetic
acid, and 1 mg/ml BSA in the presence of 1 mM methyl phenazine metho-
sulfate, 3 �M rotenone, 0.2 mM ATP, and 0.3 mM potassium cyanide as
described previously (Barrientos et al., 1998). The addition of 10 mM

malonate inhibited the oxidation of succinate.
Measurements of decylubiquinone cytochrome c reductase (complex III).

The assay was performed with 1–5 �g of synaptosomal protein at 550 nm
using 40 �M cytochrome c (oxidized) as the acceptor and 50 mM duro-
quinol as the donor in the medium containing 10 mM KH2PO4, pH 7.8, 2
mM ethylenediaminetetra-acetic acid, and 1 mg/ml BSA in the presence
of 0.3 �M rotenone, 10 mM succinate, 0.2 mM ATP, and 0.3 mM KCN. The
addition of 0.4 �M antimycin A allowed us to distinguish between the
reduction of cytochrome c catalyzed by complex III and the nonenzy-
matic reduction of cytochrome c by the reduced quinone. The initial rate
of cytochrome c reduction was used for the calculation of activity.

Measurement of cytochrome c oxidase (complex IV). The assay was per-
formed with 7–15 �g of synaptosomal protein at 550 nm using 50 �M

cytochrome c (reduced) as the donor, in an isosmotic medium (10 mM

phosphate buffer, 0.3 �M sucrose, pH 6.5, 1 mg/ml BSA) after making the
external mitochondrial membrane permeable with 2.5 mM lauryl malto-
side. The initial rate of cytochrome c reduction was used for the calcula-
tion of activity.

Immunoprecipitation and immunoblotting. Immunoprecipitation was
performed to study phosphorylation of 18 kDa subunit of complex I,
Fe-S subunit of complex III, and cytochrome oxidase IV (COX IV) sub-
unit of complex IV phosphorylation in different experimental condi-
tions. The total synaptosomal fraction (500 �g) was dissolved with 0.3%
SDS, sonicated two times for 5 s each, and then immediately adjusted to
0.1% of the SDS concentration in “immunobuffer” consisting of 50 mM

Tris-HCl, 1% Triton X-100, 1% CHAPS (3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate), and 0.5% NP-40, pH 7.4, and
incubated for 20 min at room temperature. The immunoprecipitation
was performed using protein A-Sepharose beads (Sigma-Aldrich) and
anti-phospho-threonine, anti-phospho-serine, and anti-phospho-
tyrosine mouse monoclonal antibodies (Sigma-Aldrich) per the manu-
facturer’s instructions. The samples were washed twice with immu-
nobuffer after overnight incubation of samples with protein A-Sepharose
beads (Sigma-Aldrich) and anti-phospho-threonine, anti-phospho-
serine, or anti-phospho-tyrosine. The resulting pellet was used for im-
munoblotting using anti-18 kDa subunit of complex I, anti-Fe-S subunit
of complex III, or anti-COX IV subunit of complex IV antibody. To

determine the levels of �PKC, �PKC, �PKC, cytochrome c, synaptophy-
sin, and �-actin, 40 �g of protein from either synaptosomal or soluble
fraction was separated using 12% PAGE. The immunoblotting was per-
formed using anti-�PKC, anti-�PKC, anti-�PKC, anti-cytochrome c,
anti-synaptophysin, and/or anti-�-actin antibodies. Immunoreactivity
was detected using enhanced chemiluminescence (ECL Western blotting
detection kit; GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Western blot images were digitized at eight-bit precision by means of a
CCD-based camera (8 –12 bits) (Xillix Technologies, Vancouver, British
Columbia, Canada) equipped with a 55 mm Micro-Nikkor lens (Nikon,
Tokyo, Japan). The camera was interfaced to an image acquisition and
analysis system (MCID model M2; Imaging Research, St. Catherines,
Ontario, Canada). The digitized immunoblots were subjected to densi-
tometric analysis using MCID software.

Electron microscopy and immunogold labeling. The synaptosomal pel-
lets were obtained as described (see above, Isolation of hippocampal
synaptosomes). For immunogold labeling pellets were fixed in 4% para-
formaldehyde, 0.1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.5,
and washed with three times in 0.15 M phosphate buffer, pH 7.5, for 15
min each. The pellets were then dehydrated in an ascending series of
ethanol to 100%. The pellets were then treated with water miscible resin
LR white overnight at room temperature, as previously described for
intact tissue (Jansen et al., 2001; Mungarro-Menchaca et al., 2002). Fi-
nally, pellets were embedded in LR white in gelatin capsule for 24 h at
60°C. The sections of 60 nm thickness were collected on 200 meshed
nickel grids. Subsequently sections on nickel grids were incubated on a
Parafilm in a drop of blocking buffer containing 1% goat serum, 0.1 M

glycine, 250 mM sucrose, and 50 mM Tris acetate, pH 7.2, for 1 h at room
temperature. The sections were treated with primary antibody (1:200
dilution; rabbit polyclonal antisera to �PKC) for 2 h at room tempera-
ture. After incubation with primary antibody, sections were washed by
passing grids three times over 9 –12 drops of washing buffer containing
250 mM sucrose, 50 mM Tris acetate, pH 7.2, and grids were kept for
10 –15 min in last drop of washing buffer. The sections were incubated on
top of secondary antibody (1:10 dilution; raised in goat anti-rabbit IgG)
adsorbed to 10 nm gold particles for 30 min. The sections were washed
with Tris-acetate buffer as above followed by washing with distilled water
and fixed in 3% glutaraldehyde in PBS for 5 min. After washing with
distilled water, the grids were stained with uranyl acetate (10 min) and
counterstained with lead citrate (1 min) before observation. Sections
were observed under Carl Zeiss (Jena, Germany) EM 10 C/CR electron
microscope operating at 60 kV.

Measurement of mitochondrial membrane potential. Mitochondrial
membrane potential (��m) was determined using 5,5�,6,6�-tetrachloro-
1,1,3,3�-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1). Synapto-
somes were suspended in physiological buffer (154 mM NaCl, 5.6 mM

KCl, 2.3 mM CaCl2, 1.0 mM MgCl2, 3.6 mM NaHCO3, 5 mM glucose, 5 mM

HEPES, pH 7.2) and were loaded with JC-1 (30 �M) for 15 min at 37°C.
After sedimentation and washing, synaptosomes were resuspended in
physiological buffer at a density of �8 mg/ml synaptosomal protein
concentration. For fluorescence measurements, 5 �l aliquots were di-
luted in 200 �l of physiological buffer. Fluorescence intensity was deter-
mined at 37°C in a M5 fluorescence spectrophotometer (Molecular De-
vices, Sunnyvale, CA). At the end of the experiments, FCCP (carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone) (1 �M final concentra-
tion) was added as a negative control. ��m is expressed as ratio of fluo-
rescence at 590 nm (red; aggregated in the mitochondria) divided by
fluorescence at 525 nm (green; nonaggregated in the cytosol).

Measurement of the rate of hydrogen peroxide production. The rate of
hydrogen peroxide production was measured using Amplex Red hydro-
gen peroxide assay kit (Invitrogen, Carlsbad, CA) per the manufacturer’s
instructions. In brief, H2O2 release from synaptosomes was measured in
100 �l of reaction mixture containing 50 �M Amplex Red reagent, 0.01 U
of horseradish peroxidase, 145 mM NaCl, 5.7 mM sodium phosphate, 4.86
mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5.5 mM glucose, pH 7.35, and
50 –100 �g of synaptosomal protein at 37°C. After excitation at 545 nm,
the fluorescence emission was measured at 590 nm. The fluorescence was
recorded for up to 20 min. The linear rate of reaction was considered to
be the rate of H2O2 production.
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Induction of ischemia in synaptosomes and isolation of soluble (cytosolic)
fraction. Oxygen/glucose deprivation (OGD) (an in vitro model of isch-
emia) was induced by incubating synaptosomes in 50 mM HEPES, pH
7.4, 144 mM NaCl, 5 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, and 10 mM

sucrose bubbled with 95% N2 and 5% CO2 at 30°C (Seyedi et al., 2002).
At the end of 60 min of OGD, the samples were placed inside a nitrogen
cell bomb and put under a pressure of 1200 psi for 7.5 min (Brown et al.,
2004). The samples obtained after nitrogen compression were centrifuged at
16,000 � g for 15 min. The resulting supernatant was considered as the
soluble (cytosolic) fraction and was subjected to immunoblotting analysis to
determine cytochrome c levels.

RNA isolation and TaqMan gene expression assay. Synaptosomes were
isolated as described previously except isolation medium consisted of 15
U of RNase inhibitor. Total RNA was isolated using QIAGEN (Valencia,
CA) miRNeasy mini kit. A total of 1–2 �g of total RNA was reverse-
transcribed using High-Capacity cDNA Reverse Transcription kits (Ap-
plied Biosystems, Foster City, CA), according to the manufacturer’s in-
structions. Real-time TaqMan PCR was performed to evaluate the
transcript level of �PKC both in the synaptosomes and crude homoge-
nate. �-Actin was used as a reference gene. The following gene-specific
probe/primer pair mixtures were used from Applied Biosystems and
purchased as an Assay-on-Demand kit: �-actin (Rm00667869_m1) and
�PKC (Rn01769089_m1). Twenty-five microliter PCR were run using 50
ng cDNA template on a 7300 PCR Sequence Detection System (Applied

Biosystems). After an initial denaturation step
at 95°C for 10 min, all the samples were ampli-
fied for 55 cycles, each one consisting of dena-
turation at 95°C for 15 s and annealing/exten-
sion at 60°C for 1 min. A standard curve for each
gene was constructed using increasing amounts
of cDNA from synaptosomes and crude homog-
enate of each sham animal used as control (n �
3), and the amount of cDNA or RNA in the
samples (IPC; n � 3) was calculated by interpo-
lating the Ct (threshold cycle) values with the
standard curve of each gene. All sample mea-
surements were performed in triplicate.

Protein analysis. Proteins were measured us-
ing the Bio-Rad protein assay kit based on the
method of Bradford (1976). Bovine serum albu-
min was used as standard.

Statistical analysis. The results are expressed
as mean � SEM. The results are presented as
percentage change from sham-operated ani-
mals. Statistical significance was determined
with Student’s t test.

Results
Subcellular localization of �PKC
after IPC
Previously, we demonstrated that IPC in-
duces a neuroprotective state 48 h after the
treatment (Perez-Pinzon et al., 1997; Raval
et al., 2003; Dave et al., 2005, 2006). This
neuroprotective state could also be acti-
vated by direct activation of �PKC (Raval
et al., 2003). To identify the subcellular
functional targets of �PKC, we fraction-
ated hippocampal homogenates into solu-
ble (cytosolic) and synaptosomal fractions
at various time points after in vivo IPC. We
found a significant but transient decrease
in the relative amount of �PKC in the sol-
uble fraction of hippocampal homoge-
nates at 1 h after in vivo IPC (Fig. 1A).
These rapid changes are in contrast to the
increases in synaptosomal levels of �PKC
at 24 and 48 h after IPC (Fig. 1B). These

findings suggest that, after IPC, the level of �PKC is increased in
synaptosomes at later reperfusion times associated with the late
phase of IPC neuroprotection (24 – 48 h).

To further confirm our immunoblotting results, we qualita-
tively determined the presence of �PKC in synaptosomal frac-
tions of hippocampus after IPC using the immunogold electron
microscopy technique. We observed relatively higher staining of
�PKC in synaptosomes isolated from hippocampus of precondi-
tioned rats compared with sham-operated control (Fig. 2).

In the next set of experiments, we asked whether this phenom-
enon is specific to �PKC or other PKCs may be involved. We
determined the levels of �PKC and �PKC in synaptosomes at 48 h
of reperfusion after IPC. We did not observe any significant dif-
ference between the levels of either �PKC or �PKC in synaptoso-
mal fractions of sham and IPC groups. Our results suggest that
IPC promotes specifically increased levels of �PKC in the synap-
tosomal fraction, but not other PKCs (e.g., �PKC and �PKC).

Effect of IPC on the level of �PKC mRNA in synaptosomes
Higher levels of �PKC in synaptosomes could be attributable to
three possibilities: (1) redistribution of �PKC after IPC, (2) in-

Figure 1. IPC increases �PKC in synaptosomes at 24 – 48 h of reperfusion. Immunoblot of �PKC isozyme in soluble (A) and
synaptosomal (B) fraction of hippocampus belonging to sham (n � 6) and IPC-treated (n � 6) animals at 1, 3, 24, and 48 h after
sham/preconditioning. Immunoblots (typical images are shown on top of each bar) were subjected to densitometric analysis, and
levels of �PKC are expressed as percentage of control (sham) animals. Results are expressed as mean � SEM. *p � 0.05 versus
control.

Figure 2. Immunogold staining of �PKC in synaptosomes at 48 h of reperfusion after IPC. Electron micrographs showing
synaptosomes isolated from hippocampus of sham (n � 3) and IPC-treated (n � 3) rats. A and B depict immunogold staining of
�PKC in synaptosomes obtained from hippocampus of sham and IPC rat, respectively, at 48 h of reperfusion. The arrows depict
immunogold/�PKC reactivity. Scale bar, 100 nm.
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creased presynaptic �PKC synthesis, and (3) increased stability of
�PKC protein. Using quantitative real-time PCR, we measured
the levels of �PKC mRNA in synaptosomes and whole homoge-
nate relative to the levels of �-actin. We normalized �PKC levels
against �-actin (Fig. 3). The ratio of �PKC to �-actin was 1.05 �
0.02 and 1.31 � 0.14 for hippocampal homogenate from sham
(n � 3) and IPC animals (n � 3), respectively. In hippocampal
synaptosomes, the ratio of �PKC to �-actin was higher by �63%
after in vivo preconditioning (1.51 � 0.12; n � 3; p � 0.02)
compared with sham (0.92 � 0.09; n � 3). Our results demon-
strate that the ratios of mRNA levels of �PKC and �-actin were
higher in synaptosomal fraction isolated from IPC animals
(Fig. 3).

Effect of �PKC activation on synaptic mitochondrial
respiration after IPC
Because apoptosis is decreased in heart after �PKC activation at
mitochondrial targets (Baines et al., 2003; Ogbi et al., 2004; Mc-
Carthy et al., 2005; Ogbi and Johnson, 2006), we hypothesized
that, 48 h after IPC, higher levels of synaptosomal �PKC enhance
mitochondrial function. In synaptosomes from sham-operated
animals, activation of �PKC with the specific peptide activator
tat-��RACK did not significantly alter mitochondrial respiration
compared with carrier peptide (tat)-treated synaptosomes (Fig.
4). In hippocampal synaptosomes collected after IPC, �PKC ac-
tivation with tat-��RACK significantly increased the rate of ox-
ygen consumption in the presence of pyruvate plus malate
(157 � 17%) ( p � 0.05), succinate plus glycerol-3-phosphate
(153 � 16%) ( p � 0.05), and ascorbate plus TMPD (131 � 21%)
( p � 0.05) compared with carrier peptide (tat)-treated synapto-
somes (Fig. 4). The results suggest that, because of the higher
levels of synaptosomal �PKC and/or targeted redistribution of
�PKC to mitochondria, the effect of �PKC activation on mito-
chondrial respiration is more robust in hippocampal synapto-
somes isolated 48 h after IPC.

Effect of �PKC activation on synaptic mitochondrial
respiratory chain enzyme activity after IPC
Our data strongly suggest that activation of �PKC enhances mi-
tochondrial respiration after IPC. To identify the specific enzyme
targets of �PKC in the mitochondrial respiratory chain, we mea-
sured the activities of complexes I–IV of mitochondrial electron
transport chain (ETC). The activity of complexes I, III, and IV
were not significantly altered by �PKC activation in synapto-
somes isolated from sham animals (Fig. 5). However, in synap-
tosomes isolated from IPC-treated animals, the activity of com-

plexes I, III, and IV were increased 161 � 7% ( p � 0.05), 185 �
27% ( p � 0.05), and 149 � 14% ( p � 0.05) in tat-��RACK-
treated synaptosomes when compared with tat-treated synapto-
somes (Fig. 5). These results run parallel to the substrate-
oxidation assays reported above (Fig. 4). Both assays report
enhanced activity in complexes I, III, and IV after �PKC activa-
tion and IPC. We report here for the first time that, in addition to
the enhanced activity of complex IV, activation of �PKC also
results in increased activity of complex I and III in hippocampal
synaptosomal mitochondria 48 h after IPC.

To rule out the possible effect of synaptogenesis and/or mito-
genesis after IPC, we compared our results that we obtained from
tat-��RACK-treated synaptosomes with tat carrier peptide-
treated synaptosomes. These synaptosomes were obtained in par-
allel batches; thus, the number of mitochondria was identical for
each paired treatment.

Figure 3. IPC increases the levels of �PKC mRNA in synaptosomes at 48 h of reperfusion.
mRNA was measured using RT-PCR in homogenate and synaptosomal fractions of hippocampus
of animals belonging to sham (n � 3) or IPC (n � 3) groups. The data are expressed as a ratio
of �PKC and �-actin. Results are expressed as mean � SEM. *p � 0.02 versus sham.

Figure 4. Activation of �PKC increases the rate of mitochondrial respiration in synapto-
somes isolated from hippocampus of ischemic preconditioned rats. Hippocampal synaptosomes
were isolated at 48 h of reperfusion from sham (n � 6) or IPC-treated (n � 6) animals. This
figure depicts substrate oxidation rates in hippocampal synaptosomes treated with tat or
��RACK in both experimental groups. The results are expressed as mean � SEM of percentage
of oxygen consumption in tat-treated group. *p � 0.05, ��RACK versus tat-treated
synaptosomes.

Figure 5. Activation of �PKC increases the activity of mitochondrial respiratory chain com-
plexes I, III, and IV in synaptosomes isolated from hippocampus of ischemic preconditioned rats.
Hippocampal synaptosomes were isolated at 48 h of reperfusion from sham (n � 6) or IPC (n �
6)-treated animals. Complex I, II, III, and IV activities in synaptosomes treated with tat or
��RACK in both experimental groups. The results are expressed as mean � SEM of percentage
of oxygen consumption in tat-treated group. *p � 0.05, ��RACK versus tat-treated
synaptosomes.
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Effect of �PKC activation on phosphorylation of
hippocampal mitochondrial ETC proteins
It has been reported that the activity of the mitochondrial respi-
ratory chain enzymes is modulated by phosphorylation of their
component subunits (Papa et al., 1996, 2002; Lee et al., 2002;
Raha et al., 2002; Ogbi et al., 2004; He and Lemasters, 2005; Ogbi
and Johnson, 2006). Thus, we asked whether �PKC activation
altered the phosphorylation state of enzymes involved in ETC
activities of each of the complexes. We measured the levels of
proteins phosphorylated at serine, threonine, and tyrosine sites in
three enzyme subunits representing complexes I, III, and IV.
Phosphorylation of these proteins is known to modulate respec-
tive electron transport chain complex activity (Papa et al., 1996,
2002; Raha et al., 2002; Ogbi et al., 2004; He and Lemasters, 2005;
Ogbi and Johnson, 2006). We selected the 18 kDa subunit of
complex I, Fe-S protein of complex III, and COX IV of complex
IV. The level of 18 kDa protein phosphorylation was very low,
requiring the use of femto-ECL solution with overnight film ex-
posure. Serine and tyrosine phosphorylation of 18 kDa protein of
complex I was higher by 302 � 20% ( p � 0.05) and 376 � 73%
( p � 0.05) after activation of �PKC in synaptosomes from pre-
conditioned animals versus sham-operated animals (Fig. 6A).
Threonine phosphorylation of 18 kDa protein was not altered by
IPC. After �PKC activation, the complex III Fe-S protein serine
phosphorylation decreased to 51 � 14% ( p � 0.05) (Fig. 6B).
Activation of �PKC increased COX IV phosphorylation at serine
(197 � 47%; p � 0.05) and threonine (236 � 45%; p � 0.05)
amino acids in hippocampal mitochondria from preconditioned
animals compared with sham-operated animals (Fig. 6C). In ad-
dition to the previously reported COX IV phosphorylation in
heart (Ogbi et al., 2004; Ogbi and Johnson, 2006), we show in the
present study that activation of �PKC results in increased phos-
phorylation of 18 kDa and decreased phosphorylation Fe-S pro-
teins in synaptosomal mitochondria.

Effect of �PKC activation on mitochondrial membrane
potential (��m) and respiratory control index
The electrochemical potential across the mitochondrial mem-
brane is critical for ATP production and cell viability. We tested
whether activation of �PKC also affects the ��m of synaptosomal

mitochondria. Synaptosomes were isolated from the hippocam-
pus of sham and preconditioned animals at 48 h of reperfusion.
��m was measured using JC-1 as a function of �PKC activation.
The ��m was not significantly different in tat-treated hippocam-
pal synaptosomes from sham and IPC animals, indicating that
IPC alone does not alter ��m (Fig. 7A). Activation of �PKC
significantly hyperpolarized the ��m from IPC-treated rats
compared with sham-operated rats (20 � 8%; p � 0.05) (Fig.
7A). Our results demonstrate that activation of �PKC in hip-
pocampal synaptosomes from preconditioned animals leads to
significant mitochondrial hyperpolarization.

In a parallel study, we also determined RCI in digitonin per-
meabilized synaptosomes isolated from the hippocampus of
sham and preconditioned animals at 48 h of reperfusion. The RCI
was not significantly different among all four experimental
groups studied (Fig. 7B). However, a trend toward increased RCI
was observed in tat-��RACK-treated synaptosomes compared
with respective tat-treated synaptosomes. The results of RCI val-
ues suggest that there was a trend of higher coupling in tat-
��RACK-treated synaptosomes compared with respective tat-
treated synaptosomes.

Effect of �PKC activation on hydrogen peroxide production
Activation of �PKC in synaptosomes from ischemia-
preconditioned rat hippocampus results in both increased rate of
respiration (Fig. 4) and increased complex I, III, and IV activities
(Fig. 5). To determine the effect of increased electron transport
chain activity on free radical release, next we measured the rate of
hydrogen peroxide production in our experimental conditions
using the Amplex Red fluorometric assay and a fluorescence plate
reader (Fig. 8). The representative spectrofluorometer traces for
measurements of H2O2 production are presented in Figure 8A.
We observed that activation of �PKC in synaptosomes from hip-
pocampus of sham-operated rats resulted in minor but signifi-
cant decrease (16% of TAT-treated synaptosomes; n � 4; p �
0.05) in the rate of H2O2 production compared with Tat-treated
synaptosomes (Fig. 8B). Similarly, in synaptosomes from hip-
pocampus of ischemic preconditioned rats resulted in a de-
creased rate of H2O2 production (28%; p � 0.05) (Fig. 8B). How-
ever, difference in the rate of H2O2 production after �PKC

Figure 6. Activation of �PKC increases phosphorylation of hippocampal mitochondrial electron transport chain proteins in rats subjected to ischemic preconditioning. Hippocampal synapto-
somes were isolated at 48 h of reperfusion from sham (n � 6) or IPC-treated (n � 6) animals. The extent of 18 kDa subunit of complex I (A), Fe-S subunit of complex III (B), and COX IV subunit of
complex IV (C) phosphorylation was measured in synaptosomes treated with tat or ��RACK in both experimental groups by immunoprecipitation using anti-phospho-serine, anti-phospho-
threonine, and anti-phospho-tyrosine antibodies followed by Western blotting using anti-18 kDa complex I, anti Fe-S subunit of complex III, and anti-COX IV subunit of complex IV antibody,
respectively. The results are expressed as mean � SEM of percentage of phosphorylation in ��RACK-treated synaptosomes isolated from hippocampus of sham-treated animals. *p � 0.05, IPC
versus sham.
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activation with tat-��RACK in sham or IPC groups was not sig-
nificantly different. These results indicate that increased electron
transport chain activity after �PKC activation did not increase the
rate of H2O2 production, but rather decreased it. This effect was
independent of IPC-induced changes in �PKC levels because we
did not observe any statistically significant difference in the rate
of H2O2 production between tat-��RACK-treated synaptosomes
isolated from sham or IPC animals.

Effect of increased �PKC levels on cytochrome c release after
in vitro oxygen glucose deprivation
It is known that a transient increase in [Ca 2�]i activates phospho-
lipase C-induced release of 1,4,5-inositol triphosphate and DAG,
which can stimulate Ca 2�-independent isozymes of PKC, such as
�PKC and �PKC (Raval et al., 2003; Lange-Asschenfeldt et al.,
2004). It is expected that during lethal ischemia, increased intra-
cellular calcium results in activation of �PKC. To determine
whether activation of �PKC during lethal ischemia had any effect
on ischemic outcome, we measured cytochrome c release from
mitochondria in synaptosomes subjected to 60 min of oxygen
glucose deprivation in presence of tat carrier peptide or tat-�V1-2
(�PKC inhibitor) (Seyedi et al., 2002) (Fig. 9). In synaptosomes
isolated from hippocampus of sham-operated rats, the release of
cytochrome c after 60 min of OGD was �57% ( p � 0.05) higher
in the tat-�V1-2-treated group compared with the tat-treated
group. However, in the case of synaptosomes isolated from hip-
pocampus of rats subjected to IPC, the release of cytochrome c
after 60 min of OGD was �24% ( p � 0.05) higher in the tat-�V1-
2-treated group compared with the tat-treated group. The effect
of �PKC inhibition was 27% ( p � 0.05) higher in synaptosomes

isolated from hippocampus of sham-operated rats compared
with ischemic preconditioned rats.

Discussion
�PKC is a key protective pathway after IPC and plays an impor-
tant role in protection against lethal ischemia in brain (Di-Capua
et al., 2003; Raval et al., 2003; Lange-Asschenfeldt et al., 2004;
Bright and Mochly-Rosen, 2005; Chou and Messing, 2005; Li et
al., 2005; Perez-Pinzon et al., 2005; Long et al., 2006). In the brain,
IPC leads to activation of �PKC in hippocampus, the most vul-
nerable part of brain to global cerebral ischemia (Hatakeyama et
al., 1988). Blocking of �PKC activation after IPC resulted in loss
of neuroprotection (Raval et al., 2003). Based on these results and
previous studies from our group lead us to suggest that �PKC
translocation after IPC is an essential step in the observed im-

Figure 7. Effect of �PKC activation on mitochondrial membrane potential and respiratory
control index in hippocampal synaptosomes isolated from ischemic preconditioned rats. Hip-
pocampal synaptosomes were isolated at 48 h of reperfusion from sham (n � 6) or IPC-treated
(n � 6) animals. A, The respiratory control index was measured as described in Materials and
Methods in synaptosomes treated with tat or ��RACK in both experimental groups. B, The
mitochondrial membrane potential was measured using JC-1 in synaptosomes treated with tat
or ��RACK in both experimental groups. The synaptosomes were excited at 488 nm and the
emissions at 520 and 590 nm were recorded. The mean � SEM of ratio of fluorescence at 590
nm/fluorescence at 520 nm are presented in the figure. *p � 0.05, ��RACK versus tat-treated
synaptosomes.

Figure 8. Activation of �PKC decreases hydrogen peroxide production in hippocampal syn-
aptosomes isolated from ischemic preconditioned rats. Hippocampal synaptosomes were iso-
lated at 48 h of reperfusion from sham (n � 4) or IPC-treated (n � 4) animals. The rate of
hydrogen peroxide production in synaptosomes was measured using Amplex Red in synapto-
somes treated with tat or ��RACK in both experimental groups. A, The representative spec-
trofluorometer traces for measurements of H2O2 production. B, The percentage mean� SEM of
the rate of H2O2 production is presented in the figure. *p � 0.05, ��RACK versus tat-treated
synaptosomes.
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proved mitochondrial respiratory capacities presented in the cur-
rent study. First, we know that �PKC translocated early to mito-
chondria after IPC (Raval et al., 2007). And, second, IPC was able
to improve mitochondrial functions after cerebral ischemia
(Dave et al., 2001).

�PKC targets synapses
Mitochondria are a major target of mediators of IPC, including
�PKC. In heart, �PKC translocates to mitochondria and exerts
anti-apoptotic effects. The results described here indicate that
after IPC, �PKC levels are increased in hippocampal synapto-
somes during the late reperfusion phase. Our results regarding
the levels of �PKC in synaptosomes are normalized to the level of
synaptophysin to diminish the potential impact of a change in the
number of synapses. Our conclusion that �PKC translocated to
synaptosomes after IPC was based on immunoblotting data.
These demonstrate that IPC redistributes �PKC to crucial neu-
ronal locations susceptible to ischemia such as synaptic mito-
chondria. However, additional corroboration of this phenome-
non remains to be confirmed in intact neurons and synapses.
Widespread expression of �PKC in both neurons and glia renders
these experiments technically challenging.

The mechanism by which �PKC translocates to synaptosomes
after IPC remains undefined. Redistribution of �PKC in the late
phase of IPC has not been reported in any other organ and may be
a unique for the brain. Increased levels of �PKC mRNA in syn-
aptosomes suggests that increased protein levels may arise from
de novo protein synthesis in synaptosomes after IPC. This finding

also suggests increased �PKC mRNA stability in synaptosomes as
the levels of �PKC mRNA was not increased significantly in ho-
mogenate. How IPC increases �PKC mRNA stability in synapto-
somes remains to be investigated. A clue to this question arises
from previous studies that demonstrated synaptic activity depen-
dent increase in specific mRNA in synaptodendritic region (Ha-
vik et al., 2003; Shin et al., 2004). Similarly we conjecture that
increased levels of �PKC mRNA is part of synaptic plasticity in-
duced by the IPC stimulus. Future studies will address this
question.

Activation of �PKC during lethal ischemic insults
In vivo, widespread depolarization and loss of ionic gradients
during ischemia results in elevated calcium in the presynaptic
terminal. We previously showed that influx of calcium may acti-
vate �PKC indirectly via diacylglycerol (DAG) (Raval et al., 2003;
Lange-Asschenfeldt et al., 2004). After activation, �PKC phos-
phorylates its target proteins resulting in either direct modula-
tion of its primary functional targets or initiating the �PKC sig-
naling pathway with downstream targets.

Functional impact of �PKC activation
The physiological role of �PKC in presynaptic terminals is di-
verse. For example, presynaptic activation of metabotropic glu-
tamate receptors is known to activate Ca 2�-independent �PKC
(Pastorino et al., 2000). Presynaptic activation of �PKC may be
responsible for the enhanced availability of synaptic vesicles for
exocytosis during intense bouts of presynaptic activity (Prekeris
et al., 1996). Furthermore, activation of �PKC to synaptic-vesicle
membranes results in phosphorylation and increased activity of
GAD-65 (glutamic acid decarboxylase 65) (Wei et al., 2004). In
summary, �PKC has numerous synaptic targets, both excitatory
and inhibitory. The specific impact of enhanced �PKC levels and
activity in the presynaptic terminals after IPC likely depends on
the type of synapse and thus is an important target for future
research.

The impact of �PKC activation on presynaptic mitochondria
is not known. After �PKC activation, �PKC protein is found in
mitochondria. Low levels of �PKC are also present in mitochon-
dria under control conditions (Ohnuma et al., 2002; Kilts et al.,
2005; Costa et al., 2006). Changes in mitochondrial physiology
after �PKC activation may affect neurotransmitter release by af-
fecting an energy-dependent Ca 2� buffering capacity (Siegal et
al., 1999; Augustine, 2001). Thus, the increased activity of mito-
chondrial complexes elicited by �PKC activation after IPC likely
improves calcium buffering by mitochondria in the synaptic ter-
minal, potentially resulting in less glutamate release and thus
amelioration of excitotoxicity after ischemia.

Interaction of �PKC with mitochondrial targets
The direct interaction of �PKC and mitochondrial membrane
proteins is not known. In general, once isozymes of PKC are
activated they translocate to target membranes and bind to the
isozyme-specific receptor for activated C kinase: an adapter pro-
tein that brings PKC closer to its target protein (Schechtman and
Mochly-Rosen, 2001). It is known that there are certain mito-
chondrial proteins that translocate to mitochondria without a
mitochondrial targeting sequence. These proteins interact and
bind to binding sites present on either outer or inner mitochon-
drial membrane (Herrmann and Hell, 2005). It is possible that, in
a similar manner, �PKC interacts and phosphorylates its target
protein in inner mitochondrial membrane via binding to binding
sites/adapter proteins on the mitochondrial inner membrane.

Figure 9. Activation of �PKC decreases the release of cytochrome c in hippocampal synap-
tosomes isolated from ischemic preconditioned rats when subjected to in vitro ischemia. Hip-
pocampal synaptosomes were isolated at 48 h of reperfusion from sham (n � 4) or IPC-treated
(n � 4) animals. The release of cytochrome c into cytosol was measured by immunoblotting in
synaptosomes subjected to 60 min of oxygen/glucose deprivation in presence of tat carrier
peptide or tat-�V1-2 (�PKC inhibitor). Immunoblots (typical images are shown at top) were
subjected to densitometric analysis, and the ratio of levels of cytochrome c/�-actin are ex-
pressed as percentage of control (sham) animals. Results are expressed as mean � SEM. *p �
0.05 versus control.
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Direct physical interaction between �PKC
and mitochondrial proteins has been dem-
onstrated recently (Jaburek et al., 2006).

To examine the effect of �PKC activa-
tion on activity of individual respiratory
chain complexes, we used enzyme-specific
assays. These assays demonstrated that the
activity of complexes I, III, and IV were
higher after IPC and subsequent �PKC ac-
tivation. Our results are consistent with a
previous study in heart, which demon-
strated complex IV to be a target of �PKC
(Ogbi et al., 2004; Ogbi and Johnson,
2006). In contrast to our current results,
complex I was previously shown to be in-
hibited 4 h after �PKC activation in renal
proximal tubular cells (Nowak et al.,
2004). A major difference between our ex-
perimental approaches is that we chose to
examine the effect of �PKC at 15 min be-
cause a previous study demonstrated that
maximum COX IV phosphorylation occurs
between 10 and 30 min after �PKC activation
(Ogbi et al., 2004). In addition, this differ-
ence may also indicate significant differences
between renal proximal tubular cell mito-
chondria and synaptic mitochondria.

Because �PKC is a serine/threonine ki-
nase (Jaken, 1996), the effect of �PKC acti-
vation on 18 kDa subunit complex I may
be either or both direct and indirect (i.e.,
via other kinases), because we observed in-
creases at both serine and tyrosine sites. At
complex III, we found decreased phosphorylation of the Fe-S
subunit. This likely reflects the activation of phosphatases down-
stream of �PKC. We hypothesize that lower phosphorylation
may be responsible for higher complex III activity. Finally, we
observed higher phosphorylation of COX IV consistent with pre-
vious studies of �PKC mitochondrial targets (Ogbi et al., 2004;
Ogbi and Johnson, 2006). To our knowledge, this is the first
demonstration of alterations in the phosphorylation status of
complexes I and III after �PKC activation. Here, we demonstrate
that activation of the �PKC signaling pathway after IPC leads to
phosphorylation and dephosphorylation of mitochondrial elec-
tron transport chain enzymes and subsequent enhancement of
mitochondrial respiration in hippocampal synapses.

�PKC activation leads to increased mitochondrial
ETC efficiency
The net effect of �PKC action after IPC may indeed be a hyper-
polarized ��m. This increased hyperpolarization may protect
synaptic mitochondria by diminishing depolarization during
ischemia (McCarthy et al., 2005). Hyperpolarized mitochondria
will have higher capacity of ATP production (Boss et al., 2000). A
previous study demonstrated that higher rate of mitochondrial
respiration after activation of �PKC will lead to a greater ATP
producing capacity in response to anoxia–reoxygenation in heart
(McCarthy et al., 2005). We hypothesize that higher rate of res-
piration and activity of mitochondrial ETC complexes after
�PKC activation results in higher ATP production in synaptoso-
mal mitochondria after lethal ischemia, which in turn enhances
energy-dependent recovery of ion gradients (e.g., the
Na�/K�ATPase).

In tandem with the loss of ATP, ischemia causes the release of
free radicals; both events are neurodegenerative. A previous study
demonstrated that increased complex IV activity leads to lower
mitochondrial free radical generation (Campian et al., 2004).
Previous work also demonstrated that, on activation, �PKC
translocates to mitochondria and interacts with components of
MPTP resulting in inhibition of its opening (Baines et al., 2003).
It is likely that after IPC-induced redistribution and subsequent
activation during lethal ischemia, �PKC will decrease free radical
production and cytochrome c release with decreased probability
of opening the MPTP in synaptic mitochondria.

Paradoxically, our results showed that inhibition of �PKC ap-
peared to have a greater effect on cytochrome c release in synap-
tosomes from sham-operated animals compared with ischemic
preconditioned animals. This suggests that other antiapoptotic
signaling pathways are also activated by IPC, which renders mi-
tochondria more resistant to cytochrome c release (Duan et al.,
1999; Zhan et al., 2001; Liu et al., 2002). This further corroborates
the complexity of neuroprotective mechanisms induced by IPC.

Conclusions
The results of the present study are summarized in Figure 10. In
conclusion, our results demonstrate that �PKC concentrated in
hippocampal synapses after IPC. Subsequent activation of �PKC
improves mitochondrial function in terms of rate of respiration
and ��m consistent with the prevention of mitochondrial dys-
function after lethal ischemia. Our results confirm the important
role of �PKC not only during the induction of IPC but at the time
of ischemia. Our results also point out the potential activation of
other signaling pathways, possibly independent of �PKC.

Figure 10. Schematic diagram representing action of �PKC on synaptosomal mitochondria after IPC. Our results suggest that
IPC results in the redistribution of �PKC to crucial neuroprotective targets such as synaptic mitochondria. The levels of �PKC in
synaptosomes isolated from hippocampus of ischemic preconditioned animals are higher compared with sham-operated animals
at 48 h of reperfusion. We observed that activation of �PKC leads to increased rate of mitochondrial electron transport chain
activity by modulating phosphorylation status of mitochondrial electron transport chain complexes. We also observed that
activation of �PKC results in lower reactive oxygen species (H2O2 ) production and a moderate increase in mitochondrial mem-
brane potential. Synaptosomal mitochondria are less susceptible to in vitro ischemia when �PKC activation was induced.
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