
εPKC phosphorylates the mitochondrial  channel during
induction of ischemic preconditioning in the rat hippocampus

Ami P. Raval, Kunjan R. Dave, R. Anthony DeFazio, and Miguel A. Perez-Pinzon
Cerebral Vascular Disease Research Center, Department of Neurology and Neuroscience Program,
University of Miami School of Medicine, Miami, FL - 33101, USA

Abstract
Neuroprotection against cerebral ischemia conferred by ischemic preconditioning (IPC) requires
translocation of epsilon protein kinase C (εPKC). A major goal in our laboratory is to define the
cellular targets by which εPKC confers protection. We tested the hypothesis that εPKC targets the
mitochondrial  channel ( ) after IPC. Our results demonstrated a rapid translocation of
εPKC to rat hippocampal mitochondria after IPC. Because in other tissues εPKC targets 
channels, but its presence in brain mitochondria is controversial, we determined the presence of the

 channel-specific subunits (Kir6.1 and Kir6.2) in mitochondria isolated from rat hippocampus.
Next, we determined whether  channels play a role in the IPC induction. In hippocampal
organotypic slice cultures, IPC and lethal ischemia were induced by oxygen-glucose deprivation.
Subsequent cell death in the CA1 region was quantified using propidium iodide staining. Treatment
with the  channel openers diazoxide or pinacidil 48 h prior to lethal ischemia protected
hippocampal CA1 neurons, mimicking the induction of neuroprotection conferred by either IPC or
εPKC agonist-induced preconditioning. Blockade of  channels using 5-hydroxydecanoic acid
abolished the neuroprotection due to either IPC or εPKC preconditioning. Both ischemic andεPKC
agonist-mediated preconditioning resulted in phosphorylation of the  channel subunit Kir6.2.
After IPC, selective inhibition of εPKC activation prevented Kir6.2 phosphorylation, consistent with
Kir6.2 as a phosphorylation target of εPKC or its downstream effectors. Our results support the
hypothesis that the brain  channel is an important target of IPC and the signal transduction
pathways initiated by εPKC.
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Introduction
ATP-sensitive potassium channels (  channels) are found in many locations within cells,
including the plasma membrane and inner mitochondrial membrane (Garlid and Paucek,
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2003, Brustovetsky et al., 2005). The mitochondrial ATP-sensitive potassium channel
(  channel) performs the unique cellular function of coupling energy metabolism to
cellular electrical activity. This coupling maintains the activity of various cell types to meet
metabolic demands of the tissue. During global ischemia energy deprivation, massive calcium
influx and mitochondrial dysfunction lead to neuronal death in the CA1 region of the
hippocampus (Lipton, 1999). Neuronal survival in the hippocampal CA1 region can be
improved by ischemic preconditioning (IPC) (Kitagawa et al., 1990, Kirino et al., 1991, Perez-
Pinzon et al., 1999). Ischemic preconditioning refers to an endogenous neuroprotective
mechanism which is activated by a sublethal ischemic episode, resulting in tissue protection
against subsequent lethal ischemic insults (Murry et al., 1986, Kitagawa et al., 1990, Li et al.,
1990, Kirino et al., 1991, Perez-Pinzon et al., 1999). Protection of heart against ischemia-
reperfusion injury by IPC and  channel openers is known to involve the  channel
(Garlid, 2000, Sato et al., 2006). Brain mitochondria contain seven times more  channels
than liver or heart mitochondria, which indicates the importance of these channels in neurons
(Bajgar et al., 2001). However, the role of the  channel in the brain following IPC
induction is still not understood clearly.

We recently demonstrated improved mitochondrial function following IPC in an in vivo model
of global cerebral ischemia (Dave et al., 2001). The signaling pathway of IPC-induced neuronal
survival in the CA1 region of hippocampus requires epsilon protein kinase C (εPKC) activation
(Raval et al., 2003, Lange-Asschenfeldt et al., 2004). Interestingly, it has been suggested that
PKC translocates to mitochondria and directly modulates the  channel leading to
cardioprotection (Ohnuma et al., 2002, Jaburek et al., 2006). Because the  channel has been
implicated to play a role during IPC in brain (Heurteaux et al., 1995, Perez-Pinzon and Born,
1999) and opening of  channels prevents cytochrome c release after chemical hypoxia
(Liu et al., 2002), we hypothesize that interaction between the  channel and εPKC during
IPC induction preserves the hippocampal CA1 region after ischemia. Thus, the goal of the
present study was to determine whether or not  channel activation is required during the
triggering phase of IPC. Further, we hypothesize that εPKC mediates neuroprotection via

 channel activation.

RESULTS
In the context of neuroprotection at 48 hours after ischemic preconditioning, our hypothesis is
that ischemic preconditioning rapidly activates a signal transduction pathway requiring the
opening of  channels. εPKC is a critical mediator of ischemic preconditioning. We first
examined the levels of εPKC in mitochondria as a function of time after in vivo ischemic
preconditioning. We found a significant increase in the level of εPKC in the mitochondria
fraction of hippocampal homogenates at 1 hour after in vivo IPC (Figure 1). This is evidence
that εPKC rapidly translocates to mitochondria following IPC. Secondly, we detected the

 channel-specific subunits Kir6.1 and Kir6.2 in mitochondria isolated from rat pup
hippocampus. Figure 2 depicts the presence of Kir6.1 and Kir6.2 in rat hippocampal and liver
mitochondria. The presence of Kir6.1 and Kir6.2 in liver mitochondria represents a positive
control. The Kir6.1 and Kir6.2 are pore-forming subunits of the  channel (Lacza et al.,
2003).

Next, we asked if ATP-sensitive potassium channels played a role in induction of ischemic
preconditioning. Opening of  channels with 10 and 50 μM pinacidil, 48 hours prior to lethal
ischemia significantly reduced neuronal death in the CA1 region: 35.7 ± 4.7% (n = 8, p<0.001)
and 31.9 ± 5.1% (n = 5, p<0.001), respectively; compared to 58.9 ± 7.8% (n = 6) after lethal
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ischemia without previous exposure to pinacidil. The level of protection conferred by exposure
to pinacidil was similar to ischemic preconditioning 31.7 ± 6.0% (n = 6; Figure 3A). In contrast
to pinacidil, diazoxide has been demonstrated to specifically open mitochondrial  channels
(and not plasma membrane  channels) when applied at low concentrations (Liu et al.,
1998). Our results indicate that diazoxide treatment with a concentration specific for
mitochondrial  channels 48 h prior to a period of lethal ischemia confers neuroprotection
in the CA1 region of hippocampus (Figure 3B). Diazoxide treatment mimicked IPC and there
was no difference in degree of neuroprotection between two groups. At higher, non-specific
concentrations, diazoxide failed to confer neuroprotection against lethal ischemia.

To examine the role of  opening during IPC induction, we used  channel blockers.
Slices undergoing IPC were exposed to the general  channel blocker tolbutamide or to the

 specific antagonist 5-hydroxydecanoic acid (5-HD) for 1h. Blockade of  channels
with tolbutamide or 5-hydroxydecanoic acid (5-HD) after IPC induction abolished
neuroprotection in a concentration-dependent manner (Figure 4).

We tested the potential role of plasma membrane  channel involvement during the induction
of ischemic tolerance by pinacidil pretreatment. Hippocampal slices were preconditioned by
exposure to the non-specific  channel activator pinacidil and  channel opening was
inhibited by 5-HD during induction of preconditioning. As in our first series of experiments,
pharmacological preconditioning with pinacidil induced neuroprotection. However, block of
mitochondrial  channels with 5-HD during pinacidil treatment abolished this protection,
suggesting a requirement for  channel opening. These results imply that plasma
membrane  channels do not play a role in IPC. In a control experiment, 5-HD treatment
alone 48 h prior to lethal ischemia did not cause cell death (data not shown).

In addition to the clear role of  in the induction of IPC/PPC (Figures 3 and 4), we
hypothesized that εPKC-mediated neuroprotection is mediated by  channel activation
in response to lethal ischemia. To test this hypothesis we preconditioned slices with the εPKC
peptide activator. Immediately after εPKC preconditioning, the slices were exposed to the

 channel-specific antagonist 5-HD (100 μM) for 1h, and 48 h later lethal ischemia was
induced. This treatment abolished εPKC-mediated neuroprotection (Figure 5). These results
support a direct role for  in mediating neuroprotection at the time of lethal ischemia.

We next asked if preconditioning conferred by  activation with diazoxide shared the
εPKC signaling pathway with ischemic preconditioning. To precondition slices, we exposed
slices to the  channel opener diazoxide as above (Figure 3B) and blocked εPKC activation
by an isozyme-specific cell-permeable peptide inhibitor (εV1-2). Blockade of εPKC activation
during diazoxide preconditioning abolished neuroprotection in CA1 region of hippocampus
(Fig 5B). Similar to ischemic preconditioning, these results suggest that pharmacological
preconditioning via diazoxide requires εPKC activation.

Because ischemic preconditioning and diazoxide preconditioning share the εPKC signaling
pathway, we asked if phosphorylation of Kir6.2 is a common target of ischemic and
pharmacological preconditioning. The levels of Kir6.2 phosphorylation were significantly
higher following preconditioning: 179% (n = 3, p<0.01) and 204% (n = 3, p<;0.01) in IPC and
εPKC agonist-mediated pharmacological preconditioning groups respectively when compared
with mitochondria from sham-treated slices (n = 3). Blockade of εPKC activity with the εPKC
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antagonist εV1-2 (n = 3) prevented Kir6.2 phosphorylation (Figure 6A-B). Thus our results
suggest that phosphorylation of Kir6.2 is a target of εPKC and ischemic preconditioning.

Discussion
The phenomenon of ischemic preconditioning was discovered many years ago and has gained
tremendous attention in stroke research (Kitagawa et al., 1990, Kirino et al., 1991, Perez-Pinzon
and Born, 1999). Several publications suggested that neuronal preconditioning can also be
mimicked pharmacologically; however, the specific mechanisms leading to this state of
tolerance remain unknown. Taking into account the results of our previous study where εPKC
played a key role in NMDA/adenosine receptor (A1AR)-induced preconditioning (Raval et al.,
2003, Lange-Asschenfeldt et al., 2004), we conjectured that signals from different receptors
converge at εPKC. We demonstrated increased εPKC content in mitochondrial fraction after
IPC (Figure 1), suggesting that higher levels of this anti-apoptotic PKC may protect
mitochondrial function after cerebral ischemia. Because not much is known about the
downstream signals that ensue following εPKC translocation, we further investigated whether
the  channel was involved in IPC and εPKC-induced neuroprotection.

Neurons express a variety of plasma-membrane potassium channels that play important roles
in regulating neuronal excitability and synaptic transmission (Liu et al., 2002). In contrast, the
existence of mitochondrial  channels in neurons has been highly controversial. In last few
years, many studies have shown that neuronal mitochondria also have functional 
channels (Bajgar et al., 2001, Lacza et al., 2003). On the other hand, a recent study demonstrates
the lack of diazoxide/5HD-sensitive  channels in rat brain non-synaptosomal fraction
(Brustovetsky et al., 2005). In this context, our results clearly show the presence of
mitochondrial  channel subunits in the hippocampal synaptosomal fraction (Figure 2). In
the context of neuroprotection, many in vivo and in vitro studies have demonstrated beneficial
effects of diazoxide against ischemic damage in brain (Liang et al., 2005, Wu et al., 2006). A
low concentration of diazoxide is reported to be selective for mitochondrial  channels (Liu
et al., 1998). In addition to its potential effects on the  channel, a major concern is that
diazoxide at higher concentration also inhibits succinate dehydrogenase (Schafer et al.,
1969). Direct effects of diazoxide on mitochondrial respiration have been observed in isolated
heart and liver mitochondria (Drose et al., 2006). Thus, it has been difficult to precisely define
the role of  channel activation, and to separate these effects from events subsequent to
succinate dehydrogenase inhibition or other non-specific effects of diazoxide. Previous studies
have found that 3-nitropropionic acid (3-NPA), a specific inhibitor of succinate dehydrogenase,
also protected neurons both in vivo and in vitro. It is not known whether effects of succinate
dehydrogenase inhibition were additive or counterproductive to  channel-related cellular
protection, but neuroprotective effects of 3-NPA were substantially less than those reported
with diazoxide alone in that study (Riepe et al., 1992, Busija et al., 2005).

Pharmacologically, the  channels from myocardium are selectively activated by low
concentrations of diazoxide and blocked by 5-hydroxydecanoate (Liu et al., 1998, Yang et al.,
2006). The inhibition of pharmacological and ischemic preconditioning by 5HD is well
documented. 5-hydroxydecanoate has also been postulated to be a specific inhibitor of
mitochondrial ATP-sensitive  channels. In contrast, a recent study suggested that a
metabolite of 5-HD is 5-hydroxydecanoyl-CoA (5-HD-CoA), which is a substrate for the first
step of ß-oxidation (Hanley et al., 2005). Thus, a non-specific effect of 5-HD would be retarded
beta-oxidation of fatty acids. Owing to the complex metabolic effects of 5-HD, its use remains
a pitfall of our study. However, in combination with our other data the effects of 5-HD are

Raval et al. Page 4

Brain Res. Author manuscript; available in PMC 2008 December 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



consistent with a role for channels in neuroprotection. For example, we also employed
the  channel opener diazoxide which has been demonstrated at a low concentration to be
selective for  (Liu et al., 1998). Our results are consistent with the requirement for 
channel activation during the induction of ischemic preconditioning. Consistent with a specific
role of  channels, the higher dosage of diazoxide treatment was not protective. This
observation does not support a prominent role for plasma membrane  channels. On the
other hand, the channel agonist pinacidil (which activates both plasma membrane and
mitochondrial  channels) significantly reduced neuronal death in the CA1 region. Thus,
the role of plasma membrane  channels cannot be ruled out in the induction of
neuroprotection conferred by IPC. In this context, it is interesting to note that Kir6.2 knockout
mice show greater ischemic damage and less membrane hyperpolarization during ischemia
(Sun et al., 2006), so the relative neuroprotective contributions of plasma membrane and
mitochondrial  channels remain to be elucidated. In addition, one of diazoxide’s putative
effects mediating neuroprotection involves changes in blood flow. Our use of cultured
organotypic hippocampal slices to eliminate the effects of blood flow provides convincing
evidence that IPC/PPC-εPKC agonist activates a survival pathway via opening of 
channels.

It is well documented in heart that the increased  channel activity leads to the generation
of reactive oxygen species (ROS) (Busija et al., 2005, Roth et al., 2006). ROS are important
intracellular signaling molecules and are increased during sublethal oxidative stress (a
preconditioning stimulus). Our present findings suggest that the critical time for 
channels to open is during the trigger phase of preconditioning, i.e. the 48 hours prior to a lethal
ischemic insult. Opening of these channels allows potassium to enter the mitochondrial inner
matrix, which then causes generation and release of ROS from the respiratory chain. ROS
activates phospholipase C and PKC, which, in turn, might amplify the preconditioning
stimulus. Murry and colleagues first demonstrated that administration of radical scavengers
blocked the beneficial effects of early ischemic preconditioning (Murry et al., 1986). Evidence
for an essential role of ROS in the establishment of late preconditioning was reported by Sun
and colleagues (Sun et al., 2006). Thus, generation of ROS via  channel activation during
the initiation of preconditioning represents an essential trigger for early and delayed
neuroprotection (Figure 7). Moderate increments in ROS during ischemic preconditioning
might lead to mild uncoupling of mitochondrial proteins and prevent consequences of
mitochondrial oxidative stress during reperfusion, and thus confer neuroprotection.

In conclusion, the present study clearly demonstrates the presence of ATP-sensitive potassium
channel-specific subunits (Kir6.1 and Kir6.2) in hippocampal mitochondria. Most importantly,
both ischemic preconditioning and pharmacological preconditioning with the εPKC activating
peptide (ΨεRACK) ultimately resulted in phosphorylation of the  channel subunit Kir6.2
in mitochondrial fractions. We demonstrated increased εPKC content in the mitochondrial
fraction 1h after IPC, suggesting that higher levels of this anti-apoptotic PKC might be
responsible for improved mitochondrial function and resistance to cerebral ischemic damage
as reported earlier by our group (Dave et al., 2001). We also demonstrated that neuroprotection
conferred by ischemic preconditioning was lost in the presence of  channel antagonists.
Overall, these results suggest that the signal transduction pathway that ensues after IPC/εPKC
agonist-mediated preconditioning requires opening of the mitochondrial  channel.
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Experimental procedure
All animal protocols were approved by the Animal Care and Use Committee of the University
of Miami.

Animal model
Male Sprague Dawley rats weighing 250 to 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 (178 pH/blood gas analyzer, Ciba-Corning), plasma glucose levels
(One Touch glucose monitor, Lifescan), and hematocrit were measured intermittently
throughout the experiment. Our goal was to maintain blood gases in the normal range (arterial
pCO2 = 35 to 40 mm Hg, pO2 = 120 to 140 mm Hg). If blood gases were not maintained within
this range throughout the period of surgery and data collection, the rats were euthanized and
not included in the analysis. After endotracheal intubation and artificial ventilation with 1%
isoflurane and 70% nitrous oxide (in a balance of oxygen), the rats were immobilized with
vecuronium (0.75 mg/kg intravenously). 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 Silastic tubing, were passed
around each carotid artery. Brain temperature was monitored with a 33-gauge thermocouple
implanted in the temporalis muscle (Dietrich et al., 1993). The temperature was maintained at
36° to 37°C throughout the experiment by a small lamp placed above the animal’s head.

Induction of ischemic preconditioning
Prior to preconditioning, blood was gradually withdrawn from the femoral vein into a
heparinized syringe to reduce systemic blood pressure to 50 mm Hg. Cerebral ischemia then
was produced by tightening the carotid ligatures bilaterally. We have previously shown that
this procedure promotes loss of ion homeostasis (anoxic depolarization as measured with
potassium-selective microelectrodes), as well as histopathologic changes (Perez-Pinzon et al.,
1997). To allow post-ischemic 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 to 140 mm Hg. The vessels were inspected to verify that perfusion was re-
established. The duration of ischemia for preconditioning was 2 minutes. Two experimental
groups were used: Sham: and IPC. Sham surgery was performed on the animals for IPC: two
minutes of ischemia (IPC) was induced.

Preparation of organotypic slice cultures
Neonatal (9-11 days old) Sprague-Dawley rats were anesthetized by intraperitoneal injection
of ketamine (1.0 mg/pup). Animals were decapitated and the brains quickly removed.
Organotypic hippocampal slice cultures were prepared as described previously (Xu et al.,
2002). In brief, transverse slices (400 μm) were dissected from the hippocampi and placed in
Gey’s Balanced Salt Solution (all chemicals were obtained from Sigma St. Louis, MO, or
specified otherwise) supplemented with 6.5 mg/ml glucose at 4°C. After one hour, two slices
were placed onto one 30 mm diameter membrane insert (Millicell-CM, Millipore) and inserts
were transferred to six-well culture plates with 1 ml of culture medium per well. The culture
medium consisted of 50% Minimum Essential Medium, 25% Hank’s Balanced Salt Solution,
25% Heat-Inactivated Horse Serum (all media were purchased from Gibco/Life Technologies)
supplemented with 6.5 mg/ml glucose and 1 mM glutamine. The slice cultures were placed in
an incubator (equilibrated at 36° C, 95 % O2, 5 % CO+, humidity 100 %) for 14-15 days before
experiments were performed.

Experimental Design—The organotypic slices were divided into 5 major groups:
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Group-I: Sham. Slices were incubated for 15 min in HBSS solution supplied with an
equimolar concentration of glucose instead of sucrose (Sham - IPC) and were subsequently
transferred back to regular media. After 48 h the same procedure was performed for the
extended duration of 40 min (sham OGD – sham ischemia).

Group-II: ‘Test’ ischemia. Sham IPC was induced as in group-I followed after 48 h by
‘test’ ischemia (40 min of OGD).

Group-III: Ischemic preconditioning (IPC). Slices underwent IPC (15 min of OGD) and
48 h later ‘test’ ischemia (40 min of OGD).

Group-IV: Pharmacological preconditioning (PPC) by selective pharmacological agents.
(A) εPKC agonist (tat-ΨεRACK cell-permeable peptide 200 nm, KAI Pharmaceuticals
Inc., 270 Littlefield Ave South San Francisco, CA 94080), slices were exposed to εPKC
agonist for 15 min as described previously (Raval et al., 2003) (B) general  channel
opener pinacidil (15 min; 10, 50 and 100 μM) and (C)  channel-specific agonist
diazoxide ( -specific: 15 min; 50 μM; non-specific: 150 μM (Liu et al., 1998))
hypothesized to emulate IPC. Slices underwent PPC and 48 h later ‘test’ ischemia (40 min
of OGD). For control experiments slices were exposed to εPKC agonist or pinacidil or
diazoxide for 15 min. Slices underwent sham-OGD (as described for group-I).

Group-V: Pharmacological blockade of IPC. IPC and PPC experiments were carried out
followed by general or mitochondria-specific  channel inhibitors treatment, (A)
tolbutamide (1h of treatment following IPC/PPC; 5, 10 and 15 μM) (B) 5-hydroxydecanoic
acid (HD; 1h of treatment following IPC/PPC; 50, 100 and 200 μM) during and after the
preconditioning procedure. The slices were subjected to ‘test’ ischemia 48 h later. For
control experiments, slices were exposed to tolbutamide or 5-hydroxydecanoic acid for
1h. Slices underwent sham-OGD (as described for group-I).

To provide better controls in these experiments, all six-well plates used contained at least one
well for the sham, IPC and ischemia groups. In addition, for statistical purposes, each insert
had two slices obtained from two different pups. Thus, every slice represents a different animal.

For the isolation of mitochondria, immunoprecipitation and western blotting experiments,
hippocampal organotypic slices were harvested at 1 h of sham, IPC, εPKC agonist-mediated
preconditioning or IPC+εPKC antagonist (tat –εV1-2 cell-permeable peptide; described
previously (Chen and Mochly-Rosen, 2001)) treatment. For one sample preparation, one
hundred slices were pooled together and three such samples per experimental group were used
for analysis.

Induction of ischemia (oxygen/glucose deprivation – OGD)
As we described previously, slices were washed three times with aglycemic Hank’s Balanced
Salt Solution (AHBSS) (pH 7.4) with the following constituents: CaCl2 1.26 mM, KCl 5.37
mM, KH2PO4 0.44 mM, MgCl2 0.49 mM, MgSO4.7H2O 0.41 mM, NaCl 136.9 mM,
NaHCO3 4.17 mM, Na2HPO4 0.34 mM, sucrose 15 mM (Xu et al., 2002). The slices were then
transferred into an airtight chamber which was equilibrated with 95 % N2 / 5 % CO2 gas
(preheated to 37° C and 100% humidity) blown through the chamber for 5 min (4 L/min) to
achieve anoxic conditions. Then, the chamber was sealed and remained incubated for 10 min
(for a total of 15 min – preconditioning) or 35 min (for a total of 40 min ischemic insult).
Following OGD, slices were placed back in the incubator in plates containing normal culture
medium.
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Assessment of neuronal cell death by propidium iodide staining technique
To determine the extent of neuronal damage in the organotypic slice culture, we used the
propidium iodide (PI) method, described previously (Xu et al., 2002, Raval et al., 2003). The
organotypic slices in all the experimental groups were incubated in culture medium
supplemented with 2 μg/ml PI (Sigma St. Louis, MO) for 1 h prior to imaging. Images were
taken using an inverted fluorescence microscope (Olympus IX 50), equipped with a light-
intensifying SPOT CCD camera (Diagnostic Instruments Inc., Sterling Heights, MI), and
SPOT Advanced software was used to assess the proportion of cell death. Images of the cultured
slices were taken (1) as baseline prior to the preconditioning procedure; (2) 24 h after the ‘test’
ischemic insult to assess ischemic damage; and (3) 24 h after NMDA treatment to assess
maximum damage to neuronal cells. The hippocampal CA1 subfield was chosen as the region
of interest, and quantification was performed using Scion Image software. The percentage of
relative optical intensity (ROI) served as an index of neuronal cell death.

Isolation of mitochondria
Mitochondria from hippocampus/liver of 9-11 day old rat pups and hippocampal organotypic
slices were isolated according to the procedure described previously (Sciamanna and Lee,
1993). In brief, rat pups were anesthetized using 5% isoflurane (70 % N2O – 30 % O2). Pups
were decapitated and the hippocampus was immediately immersed in cold (4°C) isolation
medium, consisting of 250 mM sucrose, 10 mM HEPES (pH 7.4), 1 mg/ml bovine serum
albumin (fraction V) (BSA), 0.5 mM ethylenediaminetetraacetic acid (EDTA) and 0.5 mM
ethylene glycol bis (-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) dipotassium salt.
The tissue was homogenized in a hand-operated glass Teflon homogenizer by seven up-and-
down strokes. For hippocampal organotypic slices, slices were scraped off from the membrane
and washed with isolation media twice. Washed slices were homogenized using a pestle
(Kimble-Knotes, Vineland, NJ, USA). The homogenates were diluted to yield 10 % (W/V)
homogenate, and centrifuged at 2000× g for 3 minutes in a Sorvall RC5 centrifuge. The
supernatants 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 following nitrogen compression were
centrifuged at 12,000 × g for 8 min. The resulting supernatant was discarded and the pellet was
resuspended in the isolation medium. The suspension was centrifuged at 12,000 × g for 10 min.
The resulting pellet was resuspended in 0.25 M sucrose and centrifuged at 12,000 × g for 10
min. The pellet was suspended in 0.25 M sucrose and was used as the source of total
mitochondria. During standardization procedures we determined the purity of mitochondria
by confirming the absence of synaptophysin and calregulin, markers of synaptosomes and
endoplasmic reticulum (microsomes), respectively.

Adult rat hippocampal mitochondria were isolated according to previously published
procedures (Dunkley et al., 1988) with minor modification. In brief, rats were decapitated under
isoflurane anesthesia at various time points after IPC or sham operation. The hippocampus was
removed immediately and immersed into cold (4°C) isolation medium. The average weight of
hippocampus in all animal groups was approximately 120 mg (pooled from both hemispheres).
To improve yield of mitochondria, the pellet was rehomogenized and diluted to 10% (W/V).
This step is a modification to the previously published procedures (Dunkley et al., 1988).

Immunoprecipitation
Immunoprecipitation was carried out to study phosphorylation of Kir6.2. The mitochondria
were isolated from hippocampal organotypic slices after 1 h of sham, IPC, εPKC agonist-
mediated preconditioning or IPC+εPKC antagonist (εV1-2, KAI Pharmaceuticals Inc., 270
Littlefield Ave South San Francisco, CA 94080) treatment. The total mitochondrial fraction
(500 μg) was dissolved in 0.3% SDS, sonicated twice times for 5 second each, then immediately
adjusted to 0.1% SDS concentration in an immunobuffer consisting of 50 mM Tris-HCl, 1%
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Triton X-100, 1% CHAPS and 0.5% NP-40 (pH 7.4) and incubated for 20 min at room
temperature. Immunoprecipitation was carried out using protein A sepharose beads (Sigma St.
Louis, MO) and anti-phospho-threonine mouse monoclonal antibodies (Sigma St. Louis, MO)
as per manufacturer’s instructions. The samples were washed twice with immunobuffer
following overnight incubation of samples with protein A sepharose beads (Sigma St. Louis,
MO) and anti-phospho-threonine. The resulting pellet was used for immunoblotting using anti-
Kir6.2 antibody.

Protein analysis and Western blotting
Proteins were measured using the Bio-Rad protein assay kit (Hercules, CA, U.S.A.). Forty
micrograms of protein from each sample was separated by 12% SDS-PAGE. Protein was
transferred to Immobilon-P (Millipore, MA, U.S.A.) membrane and incubated with the primary
antibody anti-Kir 6.1 (1: 1000; Santa Cruz, CA, USA), anti- Kir 6.2 (1:1000; Sigma, MO,
USA), anti-COX-IV (cytochrome oxidase subunit four – mitochondrial marker; 1:250, Sigma,
MO, USA). Immunoreactivity was detected using enhanced chemiluminescence (ECL
Western blotting detection kit, Amershampharmacia biotech, UK). Western blot images were
digitized at 8-bit precision by means of a charge-coupled-device-based (CCD) camera (8–12
bit, Xillix Technologies Corp., Vancouver, Canada) equipped with a 55 mm Micro-Nikkor
lens (Nikon, Japan). The camera was interfaced to an advanced image-analysis system (MCID
Model M2, Imaging Research, Inc., St. Catherines, Ont., Canada). The digitized immunoblots
were subjected to densitometric analysis using MCID software.

Statistical analysis
The results are expressed, as mean ± SEM. Statistical significance was determined with an
ANOVA test followed by a Bonferroni’s post-hoc test.
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Abbreviations
BSA  

bovine serum albumin

εPKC  
epsilon protein kinase C

EDTA  
ethylenediaminetetraacetic acid

EGTA  
ethylene glycol bis (-aminoethyl ether)-N,N,N’,N’-tetraacetic acid

HBSS  
hank’s balanced salt solution

HD  
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5-hydroxydecanoic acid

IPC  
ischemic preconditioning

OGD  
oxygen/glucose deprivation

 channel 
mitochondrial ATP-sensitive potassium channel

MEM  
minimum essential medium

PKC  
protein kinase C

PPC  
pharmacological preconditioning

ROI  
relative optical intensity

Slice cultures 
organotypic hippocampal slice cultures
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Figure 1.
Immunoblot of εPKC isozyme in mitochondrial fraction of hippocampus harvested from rats
underwent ischemic preconditioning (bilateral carotid occlusion and systemic hypotension (50
mm Hg) for 2 min) or sham surgery. The hippocampus was harvested at 1 and 3 h following
sham/preconditioning. Immunoblots (typical images are shown on top of each bar) were
subjected to densitometric analysis, and levels of εPKC are expressed as percentage of control
(sham) animals. Results are expressed as mean ± SEM. *, p < 0.05 versus control.
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Figure 2.
Western blot images showing presence of the pore-forming subunits of the  channel, Kir
6.1 and Kir 6.2 in mitochondria isolated from liver and hippocampus (n = 4). The presence of
Kir6.1 and Kir6.2 in liver mitochondria represents a positive control.
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Figure 3.
Ischemic preconditioning (IPC) (15 min of OGD) 48 h prior to test ischemia (40 min of OGD)
exerts significant neuroprotection. Incubation of slices with the plasma or mitochondrial 
channel openers pinacidil or diazoxide for 15 min, 48 h prior to ischemia confers
neuroprotection in the CA1 region of hippocampus. Note at higher, non-specific
concentrations, diazoxide failed to affect cell death after lethal ischemia. PI fluorescence values
measured 24 hr after test ischemia in different experimental groups: (A) (1) ischemia, (2) IPC,
(3) pinacidil treated; (B) (1) ischemia, (2) IPC, (3) diazoxide treated. Significance compared
with ischemia *, p< 0.01.
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Figure 4.
Blockade of  channels with tolbutamide or 5-hydroxydecanoic acid (5-HD) after
ischemic preconditioning (IPC) (15 min of OGD) induction abolished neuroprotection in a
concentration dependent manner PI fluorescence values measured 24 hr after test ischemia in
different experimental groups: (A) (1) ischemia, (2) IPC, (3) tolbutamide treated; (B) (1)
ischemia, (2) IPC, (3) 5-hydroxydecanoic acid treated. Significance compared with ischemia
*, p< 0.01.
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Figure 5.
(A) Mitochondrial  channel inhibition abolished εPKC agonist-mediated neuroprotection
in organotypic hippocampal slices. PI fluorescence values measured 24 hr after test ischemia
in different experimental groups: (1) ischemia, (2) pharmacological preconditioning (PPC;
εPKC agonist treatment), (3) PPC-εPKC agonist treatment plus 5-hydroxydecanoic acid
treated. (B) Inhibition of εPKC activation reduced diazoxide-mediated neuroprotection. PI
fluorescence values measured 24 hr after test ischemia in different experimental groups: (1)
ischemia (40 min of OGD), (2) pharmacological preconditioning (PPC; diazoxide treatment
for 15 min, 48 h prior to ischemia), (3) PPC- diazoxide treatment in presence of plus εPKC
antagonist. Significance compared with ischemia *, p< 0.01.
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Figure 6.
Mitochondria isolated from hippocampal organotypic slices of sham, IPC, εPKC-agonist
(ΨεRACK)-mediated preconditioning or IPC plus εPKC antagonist (εV1-2) treated groups
were subjected to immunoprecipitation using anti-phospho-threonine antibody. The resulting
immunoprecipitates were subjected to Western blot analysis using anti-Kir 6.2 antibody.
Typical Western blot images are shown in Figure B. The above Western blots were subjected
to densitometric analysis. The extent of Kir 6.2 phosphorylation is shown in Figure B. *, p<0.01
as compared to sham-treated group.
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Figure 7.
A schematic model describing the sequence of events after induction of ischemic
preconditioning in the organotypic hippocampal slices.
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