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Neurobiology of Disease

Protein Kinase C 6 Mediates Cerebral Reperfusion Injury
In Vivo
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Protein kinase C (PKC) has been implicated in mediating ischemic and reperfusion damage in multiple organs. However, conflicting
reports exist on the role of individual PKC isozymes in cerebral ischemic injury. Using a peptide inhibitor selective for 6PKC, 6V1-1, we
found that SPKC inhibition reduced cellular injury in a rat hippocampal slice model of cerebral ischemia [oxygen-glucose deprivation
(OGD)] when present both during OGD and for the first 3 hr of reperfusion. We next demonstrated peptide delivery to the brain
parenchyma after in vivo delivery by detecting biotin-conjugated 6V1-1and by measuring inhibition of intracellular SPKC translocation,
an indicator of 8PKC activity. Delivery of 6V1-1 decreased infarct size in an in vivo rat stroke model of transient middle cerebral artery
occlusion. Importantly, V1-1 had no effect when delivered immediately before ischemia. However, delivery at the onset, at 1 hr, or at 6
hr of reperfusion reduced injury by 68, 47, and 58%, respectively. Previous work has implicated SPKC in mediating apoptotic processes.
We therefore determined whether 6PKC inhibition altered apoptotic cell death or cell survival pathways in our models. We found that
6V1-1reduced numbers of terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling-positive cells, indicating
decreased apoptosis, increased levels of phospho-Akt, a kinase involved in cell survival pathways, and inhibited BAD (Bcl-2-associated
death protein) protein translocation from the cell cytosol to the membrane, indicating inhibition of proapoptotic signaling. These data
support a deleterious role for SPKC during reperfusion and suggest that 5V1-1 delivery, even hours after commencement of reperfusion,

may provide a therapeutic advantage after cerebral ischemia.
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Introduction

Stroke is a leading cause of disability and death worldwide (Na-
tional Institute of Neurological Disorders and Stroke, 1995).
Both ischemia and the restoration of blood flow to ischemic tis-
sue (reperfusion) cause cellular damage, possibly by different
molecular mechanisms (Chan, 2001). Protein kinase C (PKC)
has been implicated in mediating ischemic and reperfusion in-
sults in multiple organs (Downey et al., 1994; Padanilam, 2001).
However, much of this work has focused on the role of PKC in
cardiac protection. Ischemic episodes to the brain also result in
activation of several PKC isozymes (Wieloch et al., 1991; Sieber et
al., 1998; Selvatici et al., 2003). However, there is no consensus on
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which isozymes are involved in mediating the cellular response or
whether PKC activation is damaging or beneficial.

Recent reports have linked PKCs to modulation of several
signaling pathways, including mediation of excitatory or inhibi-
tory amino acid release (Nakane et al., 1998) and cytokine-
induced superoxide production (Chao et al., 1995). In addition, a
growing body of literature suggests that the PKC isozyme is
involved in apoptotic pathways, including mediating caspase ac-
tivation and regulation of mitochondrial function (Brodie and
Blumberg, 2003). This mode of cell death is observed during
delayed cerebral reperfusion injury and contributes to the overall
damage seen after stroke (for review, see Lipton, 1999). Impor-
tantly, SPKC mRNA and protein levels are increased in the cortex
and hippocampus after global ischemia and in the compromised
peri-infarct region after focal cerebral ischemia (Miettinen et al.,
1996; Koponen et al., 2000). This penumbral area, where in-
creased 6PKC expression was noted, is prone to delayed damage
(Phan et al., 2002), suggesting a role for this isozyme in reperfu-
sion injury.

The aim of this study was to determine the role of 6PKC in
cerebral ischemic-reperfusion injury. To establish whether
changes in 6PKC activity contribute to the outcome from cere-
bral ischemia, we used the SPKC-selective inhibitor peptide
6V1-1 (Chen et al., 2001). This rationally designed peptide was
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found to selectively inhibit SPKC translocation and induce car-
dioprotection from ischemia—reperfusion in isolated cells (Chen
et al., 2001) and in intact hearts ex vivo and in vivo (Chen et al.,
2001; Inagaki et al., 2003a,b). Intracellular delivery of the 6V1-1
peptide was enabled by cross-linking it via a cysteine S-S (Cys
S-S) bond to a membrane-permeable carrier peptide (Tat) de-
rived from the Tat human immunodeficiency virus (HIV) pro-
tein (Schwarze et al., 1999).

Here, we report that treatment with 6V1-1 protected against
cerebral ischemic—reperfusion damage in both the in vitro and in
vivo models. Delivery of 8V1-1 during reperfusion reduced apo-
ptotic cell death and enhanced prosurvival signaling, suggesting
that inhibition of 8PKC during the reperfusion period reduces
injury in part by blocking intrinsic cell death pathways that con-
tribute to secondary damage. Therefore, SPKC mediates, at least
in part, reperfusion-induced injury after stroke.

Materials and Methods

Peptide preparation. Tat carrier peptide and 8V1-1 (6PKC inhibitor pep-
tide) were synthesized and conjugated via a Cys S-S bond as described
previously (Chen et al., 2001). The 8V1-1-Tat-conjugated peptide is
referred to as 6V1-1. 6PKC isozyme-specific activity of the 6V1-1 pep-
tide has been demonstrated previously (Chen et al., 2001; Inagaki et al.,
2003a,b). An important difference between Tat fusion proteins (Asoh et
al., 2002; Cao et al., 2002; Kilic et al., 2002) and the Tat peptide men-
tioned here is the use of a cysteine S-S bond, which links the peptide to the
Tat. This is to allow the peptide to be trapped inside the cells, because it is
cleaved and released from the Tat carrier after intracellular delivery by
reduction of the S-S bond.

Preparation of cultures. Organotypic hippocampal slice cultures were
prepared as described by Bergold and Casaccia-Bonnefil (1997). Briefly,
Sprague Dawley neonatal rats (9—11 d of age) were anesthetized by in-
traperitoneal injections of ketamine (1.0 mg for each pup). Pups were
decapitated, and the hippocampi were dissected and transversely sliced
(400 wm) on a Mcllwain tissue chopper. Slices were placed in Gey’s
balanced salt solution (Invitrogen, San Diego, CA) supplemented with
6.5 mg/ml glucose (Sigma, St. Louis, MO) for 1 hr at 4°C. Slices were then
transferred onto 30 mm diameter membrane inserts (Millicell-CM; Mil-
lipore, Bedford, MA) and placed into six-well culture trays with 1 ml of
slice culture medium per well. The slice culture medium consisted of
50% Minimum Essential Medium, 25% HBSS, and 25% heat-inactivated
horse serum (Invitrogen) supplemented with 6.5 mg/ml glucose and
glutamine (1 mm). Cultures were maintained at 36°C in an incubator
(100% humidity; 5% CO,) (CF autoflow; NuAire, Plymouth, MN) and
kept in culture for 14-15 d before experiments.

Animal protocols were approved by the Stanford University Institu-
tional Animal Care and Use Committee and the University of Miami
Animal Care and Use Committee.

Oxygen and glucose deprivation. To model ischemia, cultures were ex-
posed to oxygen and glucose deprivation (OGD) using an anaerobic
chamber. The slices were washed three times with glucose-free HBSS, pH
7.4, containing (in mm): 1.26 CaCl,, 5.37 KCl, 0.44 KH,PO,, 0.49 MgCl,,
0.41 MgSO,, 136.9 NaCl, 4.17 NaHCO;, 0.34 Na,HPO,, 15 sucrose (all
from Sigma). The slices were then placed into an airtight chamber, and
95% N, 5% CO, gas (36°C) was circulated through the chamber for 5
min (4 L/min) to achieve anoxic conditions. After 5 min, the chamber
was sealed and placed in the incubator (36°C) for 35 min (total of 40 min
OGD). After OGD, the slices were placed back in the incubator in normal
culture medium. Peptides Tat or 8V1-1 were delivered in the culture
medium at times stated. The organotypic slices were divided into groups
(see Fig. 1): group 1, sham slices were incubated for 40 min with HBSS
solution supplied with equimolar concentration of glucose instead of
sucrose (sham OGD; n = 7); group 2, ischemia slices were exposed to 40
min of OGD (n = 15); group 3, Tat plus ischemia Tat peptide during
OGD alone (n = 5); group 4, 8V1-1 plus ischemia 6V 1-1 peptide during
OGD alone (1 = 6); group 5, Tat during ischemia and reperfusion Tat
during OGD and the first 3 hr of reperfusion (n = 8); group 6, 6V1-1
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during ischemia and reperfusion §V1-1 during OGD and the first 3 hr of
reperfusion (n = 12; all peptides 500 nM final concentration). For con-
trol, all six-well plates contained at least one well for sham and ischemia
groups. Two hippocampal slices obtained from two different pups were
placed on one insert. Therefore, the data obtained from each slice repre-
sents a different animal, and thus each slice is considered as n = 1.

Assessment of cell death by image analysis using propidium iodide. Pro-
pidium iodide (PI; Sigma), a cell impermeable DNA dye, was used to
identify dead cells. Before OGD, slices were incubated in medium sup-
plemented with 2 ug/ml PI for 1 hr and then replaced by regular media.
Slices were studied using an inverted fluorescence microscope (Olympus
IX 50; Olympus Optical, Tokyo, Japan), and pictures were taken using a
SPOT CCD camera (Diagnostic Instruments, Sterling Heights, MI) and
SPOT advanced software. Bright-field (0.254 sec exposure) and PI im-
ages (1.9 sec exposure; red filter) of slices were taken before the experi-
ment. After imaging, the slices were exposed to OGD, and PI fluorescence
images were taken 24 hr later. To quantitate total cell death in all slices, an
overdose of NMDA (100 uM; Sigma) was applied to the culture medium.
The last image was taken 24 hr after 1 hr NMDA treatment. Bright-field
images were used to align the slice in the identical position during sub-
sequent measurements. The intensity of PI fluorescence in the CA1 sub-
field of the hippocampal slices was used as an index of cell death.

For quantification purposes, fluorescence images were taken for each
slice at 24 hr after NMDA treatment, 24 hr after OGD, and onset of
experiment, and images were stacked using Scion Image software (Scion,
Frederick, MD). The region of interest (ROI) was selected from the final
image depicting total neuronal cell death, which remained constant for a
particular slice. The ROI was subsequently superimposed on the fluores-
cence images taken 24 hr after OGD and at the onset of the experiment.
Relative cell death was calculated from each ROI as follows: relative per-
centage of cell death = (Fexp — Fmin)/(Fmax — Fmin) X 100, where
Fexp is the fluorescence of the test condition, Fmax is maximum fluores-
cence (NMDA treatment), and Fmin is background fluorescence. For all
experimental analyses, the results are expressed as mean * SEM. Statis-
tical significance was determined with an ANOVA test followed by a
Bonferroni’s post hoc test.

Middle cerebral artery occlusion model. Ischemia was induced in male
Sprague Dawley rats (290—320 gm) using an occluding intraluminal su-
ture as described previously (Maier et al., 2001). Briefly, an uncoated 30
mm long segment of 3—0 nylon monofilament suture with the tip
rounded by a flame was inserted into the stump of the external carotid
artery and advanced into the internal carotid artery ~19-20 mm from
the bifurcation to occlude the ostium of the middle cerebral artery
(MCA). At the end of the ischemic period (2 hr), the suture was removed
and the animal was allowed to recover. Animals were maintained under
isoflurane anesthesia during all surgical procedures. Tat or 6V1-1 pep-
tides were delivered as a bolus dose by intraluminal catheter directly into
the internal carotid artery (pre-8V1-1 and post-8V1-1 groups; 0.06 mg/
kg) or as an intraperitoneal dose (delayed-8V1-1 doses; 1 and 6 hr post-
reperfusion; 0.2 mg/kg). Physiological parameters including body tem-
perature (35-38°C) and respiration rate were monitored and maintained
using a heat blanket and anesthetic adjustment. For PKC translocation
assays, rats were killed at the end of the ischemic period (without removal
of the suture) after a 10 min or 24 hr reperfusion. The brain was sliced
and striatum isolated and snap frozen.

Assessment of behavior after middle cerebral artery occlusion. Behavior
was assessed at 24 hr of reperfusion using a scale modified from the study
by Yang et al. (1994). After 24 hr of reperfusion, animals were graded on
a scale of 1-4: grade 1, normal posture, spontaneous movement in any
direction; grade 2, unilateral paw extension when lifted by the tail; grade
3, both paw extension and circling pattern when spontaneously walking;
grade 4, abnormal posture, paw extension, circling pattern, cannot walk
spontaneously. Animals from one of the four treatment time point
groups (delivery of 8V1-1 or control peptides at 6 hr reperfusion) were
scored for behavior. Results were expressed as the mean * SEM behavior
score. Statistical analyses were performed using ANOVA followed by
Fisher’s post hoc test.

Assessment of brain infarct size. Animals were killed after 24 hr of reper-
fusion by an anesthetic overdose. Brains were quickly removed and sliced
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Measurement of apoptotic cell nuclei by termi-
nal deoxynucleotidyl transferase-mediated bio-
tinylated UTP nick end labeling staining. Termi-
nal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL)
was performed both in the in vitro hippocampal
slice model and the in vivo middle cerebral ar-
tery occlusion (MCAO) model. Briefly, hip-
pocampal slices were subjected to OGD and
treated with 8V1-1 or control peptides as de-
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scribed above (groups 1, 5, and 6), followed by
24 hr of reperfusion. Slices were stained using
TUNEL with tetramethyl-rhodamine red label
(Roche, Hertforshire, UK). Slices were viewed
on a Carl Zeiss Laser Scanning Microscope
(LSM) 510 (Zeiss, Thornwood, NY). The im-
ages of the sections were analyzed using LSM 5
image browser. In the in vivo model, animals
underwent a 2 hr MCAO occlusion, and Tat or
O0V1-1 peptides were delivered as an intra-
arterial bolus dose at the onset of reperfusion as
described above. Animals were killed after 72 hr
of reperfusion and transcardially perfused with
normal saline followed by 4% paraformalde-
hyde. Brains were isolated and fixed overnight
in 4% paraformaldehyde, immersed in 30% su-
crose for 2-3 d, and snap frozen in OCT cryo-
protectant (Tissue-Tek, Miles, Elkhart, IN).
Three 16 wm coronal slices were taken from
equivalent midbrain regions in each brain, with
each slice separated by atleast 48 wm. Slides were stained after TUNEL kit
protocol (Roche). Images were taken from four defined regions within
the ipsilateral cortex of each slice. Cells were differentiated as being apo-
ptotic both by positive staining and distinct morphology, including nu-
clear fragmentation suggestive of chromatin condensation; cells with
diffuse, dim staining were not counted as apoptotic (Conti et al., 1998).
Cell counts from the three slices taken from each brain were averaged to
give a representative total number of cells within each image. An average
cell count per brain was then calculated from each of the groups (n = 3-5
per group). Results were expressed as the percentage of change in
TUNEL-positive cell number with respect to control animals.

Western blot analysis. Brains were quickly isolated, sliced, and striatal
regions dissected from each central slice and frozen. Tissue fractionation,
both from whole organotypic slices and striatal region of isolated brains,
was performed to collect soluble (cytosolic) and particulate (membrane)
fractions as described previously (Johnson and Mochly-Rosen, 1995).
Protein concentration was assessed using Bradford reagent, and 10 ug of
total lysate (40 ug from hippocampal slice lysate) from each fraction was
subjected to gel electrophoresis (10% bis-acrylamide gel) and transferred
to nitrocellulose membrane. Blots were blocked in 3% milk TBST,
probed with an anti-phospho-serine 643 6PKC antibody (1:500; Santa
Cruz Biotechnology, Santa Cruz, CA) in 2% BSA Tris-buffered saline
Tween 20 (TBST) and probed with an anti-rabbit secondary (Amersham
Biosciences, Arlington Heights, IL). Density of 6PKC bands was mea-
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SPKCinhibition reduces cellular death after 0GD and reperfusion in hippocampal slices. a, Experimental protocol. b,
Bright-field images (top) and corresponding Pl fluorescence images (bottom) from hippocampal slice cultures of sham, ischemic,
and 8V1-1-treated groups (left, middle, and right, respectively). Scale bar, 2.25 mm. ¢, Quantitative measurements of Pl staining
were performed 24 hr after ischemia (isch) in six experimental groups: sham (n = 7; group 1), ischemia (n = 15; group 2), Tat
peptide treatment (n = 5; group 3), or 8Y1-1 peptide treatment (n = 6; group 4) during ischemia alone, Tat peptide treatment
(n = 8;group 5) or 8V1-1treatment (n = 12; group 6) during ischemia and for the first 3 hr of reperfusion (3 hr rep). Significant
values were compared with sham (*p << 0.001), ischemia (**p << 0.001), or Tat control (***p << 0.001). d, SPKC activity, as
measured by translocation, increased after 0GD followed by 3 hr of reperfusion. Delivery of 6V1-1 during the ischemia and
reperfusion period inhibits SPKC translocation in the in vitro slice model; n = 5, all groups; *p << 0.05 by Student’s ¢ test. e, TUNEL
staining was used to assess apoptotic cell death in sham, control, and 6V1-1-treated slices for groups 1, 5, and 6, respectively.
TUNEL-positive cells are found in the CAT region of hippocampus from organotypic slice cultures (magpnification, 40 <). Sham-
treated slices contained few, if any, TUNEL-positive cells ( a). A larger number of TUNEL-positive cells (arrow) was observed 24 hr
after 40 min of 0GD (). SPKCinhibition reduced the TUNEL-positive cells 24 hr after 40 min of 0GD (¢).

sured to assess translocation of PKC from the cytosol to membrane frac-
tions, a measure of activation (Kraft and Anderson, 1983). To assay Akt
and BAD (Bcl-2-associated death protein) proteins, 20 ug of brain lysate
was run on 12.5 and 15% gels, respectively, blotted to nitrocellulose and
blocked as described above, and probed with anti-phospho-Akt antibody
(1:500; Biosource International, Camarillo, CA) or anti-BAD antibody
(1:250; Santa Cruz Biotechnology) followed by anti-rabbit secondary.
Blots were then stripped and reprobed with anti-Akt antibody (1:500;
Cell Signaling Technology, Beverly, MA) or B-actin (1:5000; Sigma) to
confirm equal protein loading. Densities were measured from Western
blot autoradiograms. All statistical analyses were performed using
ANOVA followed by Fisher’s post hoc tests.

Results

oPKC inhibition reduces reperfusion injury in hippocampal
slice model of oxygen and glucose deprivation

We first determined whether delivery of 6V1-1, a peptide inhib-
itor of 6PKC, affected neuronal cell injury after OGD and reper-
fusion in an in vitro hippocampal slice model. This protocol leads
to rapid death of CAl pyramidal cells and granule cells, which
manifests within 24 hr of reperfusion (Bergold and Casaccia-
Bonnefil, 1997; Pringle et al., 1997; Raval et al., 2003). Propidium
iodide fluorescence was measured to assess cell death (Fig. 1b). In
all experiments, OGD-induced cell damage is expressed as a frac-
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tion of total cell death when an overdose of NMDA (100 um) was
applied to the culture medium. We found that 40 min of OGD
followed by 24 hr of reperfusion (oxygen and glucose are reap-
plied) led to ~70% cell death in CA1 pyramidal cells compared
with 4% death in slices maintained in normoxic conditions
(Fig. 1b,c).

When slices were treated with the 8PKC-selective inhibitor
6V1-1 (500 nm), during the ischemic period and during the first
3 hr of reperfusion, the percentage of neuronal death decreased
by 43%, from 69 * 3% in control to 39 * 6% (Fig. ¢, group 6)
(p <0.05). However, treatment with 8V1-1 during the ischemic
period only did not confer any neuroprotection; 71 * 2% neu-
ronal death was observed (Fig. 1¢, group 4). Tat control was not
protective when added at either time point (Fig. 1c, groups 3, 5).
These data demonstrate that the presence of the 8PKC inhibitor
during the ischemic period only conferred no protection. In con-
trast, inhibition of 8PKC during the reperfusion period greatly
reduced neuronal cell death in this in vitro model of ischemic—
reperfusion injury.

0V1-1 peptide inhibits 6PKC translocation in vitro

We next confirmed that §V1-1 peptide exerted its biological ef-
fect and inhibited 6PKC activity. Redistribution of PKC from the
soluble to the particulate fraction (PKC translocation) is a marker
for PKC activation (Kraft and Anderson, 1983) and has been used
in numerous studies to assess enzyme activity (Wieloch et al.,
1991; Selvatici et al., 2002). We therefore assessed SPKC translo-
cation in slices treated with the 6V1-1 peptide for the first 3 hr of
reperfusion. We found a 24% increase in 8PKC translocation in
slices subjected to OGD followed by 3 hr of reperfusion, indicat-
ing that SPKC was activated. In slices treated with 6V1-1 peptide
during ischemia and reperfusion, 6PKC translocation was re-
duced by 45% (Fig. 1d) (p < 0.05).

0V1-1 peptide reduces number of apoptotic cells after OGD
in vitro

To determine the mechanism by which 6V1-1 confers neuropro-
tection, we assessed the number of cells undergoing apoptotic cell
death after ischemic—reperfusion injury using TUNEL staining.
In the hippocampal slice model, few, if any, TUNEL-positive cells
were detected in sham-treated slices (Fig. lea). TUNEL-positive
cells were abundantly detected in the CAl region after 40 min
OGD and 24 hr of reperfusion in the Tat control peptide-treated
group (Fig. 1eb). The number of TUNEL-positive cells was mark-
edly diminished in slices treated with 6V1-1 peptide (Fig. lec).

0V1-1 peptide delivery to brain parenchyma
To determine whether 8PKC inhibition protects the brain from
reperfusion damage after prolonged ischemia in vivo, we first
demonstrated that 6V1-1 conjugated to Tat can be delivered
across the blood-brain barrier. Peptides cannot be readily deliv-
ered across the blood-brain barrier into the brain parenchyma.
However, previous work by Schwarze et al. (1999) demonstrated
that a Tat peptide, derived from the HIV Tat protein, crosses
biological membranes and can serve as a carrier to other cargo,
including proteins. An intra-arterial bolus of biotinylated 6V1-1
was injected into the internal carotid artery (2.5 uM final blood
concentration), and the brains were harvested after 30 min. Using
avidin-biotin complex, we detected the presence of the peptide in
pyramidal cells in the cortex, suggesting effective delivery of the
peptide into the brain parenchyma through the blood-brain bar-
rier (Fig. 2a).

We next assessed the activity of SPKC in an in vivo transient
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Figure 2.  8V1-1is delivered to the brain parenchyma in vivo after intra-arterial bolus. g,
Background staining from sham brain (left) and corresponding staining of biotin-conjugated
6V1-1 peptide in cortical neurons (right). b, Delivery of 8Y1—1 reduces SPKC translocation
after 10 min of reperfusion (rep) (n = 3 per group; *p << 0.05). This effect was specific to SPKC;
06V1-1had noeffect on ePKC translocation. Brain tissue was harvested from animals (6V1-1or
Tat treated) after ischemia and 10 min or 24 hr of reperfusion. Soluble and particulate fractions
of brain tissue were subjected to Western blot analysis using anti- SPKC (phospho-ser643 6PK()
or anti-ePKC antibodies.

focal ischemia model. Rats underwent 2 hr MCAO, followed by
either 10 min or 24 hr of reperfusion. We found that 6PKC was
activated as measured by intracellular translocation after 10 min
of reperfusion, and that this translocation was inhibited after in
vivo delivery of 6V1-1 at the onset of reperfusion (Fig. 2b) (50%
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Figure3.  8V1-1protects brain from reperfusion damage in vivo. a, Tat carrier peptide alone
(n = 14) or 8V1-1 were delivered intra-arterially through the internal carotid artery immedi-
ately before (8V1-1 preischemia; n = 8) orimmediately after (8V1-1 postischemia; n = 10)
a2 hrocclusion of the MCA. Animals were killed after 24 hr of reperfusion, and brain slices were
stained with TTC, which stains viable tissues red. Infarcted tissue appears white (marked with
black border). b, Typical pictures from vehicle- and 8V1-1-treated animals 24 hr after MCA
occlusion. ¢, Delivery of V11 after ischemia, but not before ischemia, reduced extent of brain
infarction as measured after 24 hr of reperfusion. Significance was compared with control
(*p < 0.05).

inhibition; p < 0.05). However, at 24 hr of reperfusion, there was
no difference in the SPKC translocation between the groups. Im-
portantly, the effect of 8V1-1 was selective (e.g., ePKC transloca-
tion was not altered by the 6V1-1 treatment) (Fig. 2b).

0V1-1 reduced infarct size after in vivo delivery

We next determined whether inhibition of §PKC translocation
affected cerebral ischemic and reperfusion injury in vivo using a 2
hr transient MCA occlusion model of stroke, followed by a 24 hr
reperfusion period. Either 6V1-1 or Tat (each at 250 nm final
blood concentration) was delivered as a bolus dose via the inter-
nal carotid artery either immediately before the ischemic period
(pre-8V1-1) or at the onset of reperfusion (post-6V1-1) (Fig.
3a). Delivery of the peptide did not alter standard physiological
variables including blood pH, glucose, blood gases (pCO,, pO,),
hematocrit, or mean arterial blood pressure. Brains were har-
vested after 24 hr of reperfusion, and stroke area was assessed
after staining with TTC. Treatment with the 6V1-1 peptide prior
to the ischemic event (pre-6V1-1) did not confer protection
from subsequent ischemia and reperfusion injury (30 = 7%; n =
8). However, infarct areas were reduced by 68% in animals that
were treated with 8V1-1 at the onset of reperfusion (post-6V1-1;
8 & 4%; n = 10) relative to Tat control-treated animals (vehicle;
26 * 5%; n = 14; p < 0.05) (Fig. 3b,c).

Delayed delivery of 6V1-1-Tat during reperfusion

confers protection

To determine whether 8PKC activity was involved in nonacute
events during reperfusion and to further define the therapeutic
window for 8V1-1 administration, we next determined whether
6V1-1 provided a protective effect when delivered at delayed
time points during reperfusion (Fig. 4a). We found that a single
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Figure4. Delayed 8V1-1delivery during reperfusion reduces infarct size in MCAO model. g,

Tat peptide alone or 8V1-1 were delivered by intraperitoneal injection at 1 or 6 hr after the
onset of reperfusion. Animals were assessed for behavior 23 hrlater, killed, and brain infarct size
was assessed using TTC. b, 8V1-1 delivery 1 hr after the onset of reperfusion significantly
reduced infarct size compared with Tat alone (vehicle,n = 11; 8V1-11hr,n = 13;*p < 0.05).
¢, 6V1-1delivery 6 hrafter the onset of reperfusion significantly reduced infarct size compared
with Tat peptide (vehicle, n = 9; 8V1-16 hr,n = 9; *p << 0.05). d, 5V1-1 peptide delivery 6
hr after the onset of reperfusion significantly decreases neurological deficit compared with
animals treated with control peptide alone, as assessed at 24 hr of reperfusion (*p << 0.05).

intraperitoneal dose of 8V1-1 peptide (20 nmol bolus dose) at 1
hr after the onset of reperfusion also reduced infarct size com-
pared with control (16 = 3 vs 30 £ 5%, respectively; p < 0.05)
(Fig. 4b). In addition, we found that §V1-1 delivery 6 hr after the
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onset of reperfusion (20 nmol) significantly reduced infarct size
verses controls (14 vs 33%, respectively; p < 0.05) (Fig. 4c).

As a component of our MCAO animal protocol, we used the
inhalational anesthetic isoflurane for induction and maintenance
of anesthesia during the ischemic period alone. We recognize that
isoflurane, like other anesthetics, has been shown previously to
confer protection from cerebral ischemia—reperfusion injury
when delivered before ischemia (Kapinya et al., 2002; Sullivan et
al., 2002). However, isoflurane was used for anesthesia in both
control-treated and 8V1-1-treated animals during the ischemic
period. Moreover, we found that §V1-1 conferred neuroprotec-
tion without the use of isoflurane in the hippocampal slice model
of ischemia—reperfusion and has been shown previously to confer
cardioprotection in models of cardiac ischemia—reperfusion in-
jury without the use of isoflurane (Chen et al., 2001). Finally,
8V1-1 was administered during a period independent of isoflu-
rane delivery (1 and 6 hr reperfusion) to confer protection and
was administered during a period of isoflurane delivery (before
ischemic onset) without conferring protection.

0V1-1 reduces neurological deficit in animals after

MCAO injury

To determine whether delivery of 8V1-1 lessens neurological
deficit after MCAO injury, we selected one treatment group
(8V1-1 or control peptide delivered at 6 hr postreperfusion) for
behavioral assessment using a scale modified from the study by
Yangetal. (1994). Animals were graded on a scale of 1- 4, ranking
increasing deficit as described above. Using this scoring system,
we found that animals treated with 6V1-1 peptide exhibited a
significantly decreased behavioral score than control-treated an-
imals, as assessed at 24 hr reperfusion (1.8 = 0.3vs2.6 = 0.3;p <
0.05) (Fig. 4d). Preserved neurological function in 6V1-1-treated
animals corresponded to a 57% decrease in weight loss compared
with controls after this 24 hr period ( p < 0.05), suggesting that
8V1-1-treated animals may be feeding better, which is another
indication of improved neurological function.

0V1-1 peptide reduces number of apoptotic cells after
ischemic-reperfusion injury in vivo

We next assessed whether §V1-1 affected the number of apopto-
tic cells in the in vivo model of ischemia—reperfusion injury. The
number of TUNEL-positive cells was markedly diminished in
slices treated with 6V1-1 peptide (Fig. lec). In the in vivo model,
brains were isolated after 2 hr MCAO and 72 hr of reperfusion.
TUNEL-positive apoptotic cells were found primarily in the peri-
infarct region of the ipsilateral cortex (Fig. 5aa). However, in
8V1-1-treated animals, apoptotic cell count was diminished (Fig.
5ab). TUNEL-positive cells in four defined regions of the ipsilat-
eral cortex were counted in 6V1-1- or control-treated animals.
We found a reduction of 47% in 8V1-1-treated animals com-
pared with control-treated animals (Fig. 5b).

0V1-1 treatment alters phospho-Akt levels and BAD protein
levels in the in vivo ischemia model

To further determine the mechanism by which 6V1-1 reduces
cellular damage during reperfusion, we studied two markers for
cell survival signaling and proapoptotic signaling, namely, acti-
vated Aktand the Bcl-2 family member BAD. Akt, the prosurvival
enzyme, is active when phosphorylated on ser-473 and thr-308
(Alessi et al., 1996; Delcommenne et al., 1998). We found that
there was a significant increase in phospho-Akt levels with re-
spect to total Akt, when 6V1-1 is delivered either at the onset of
reperfusion (64 = 3%; p < 0.05) or at 1 hr into reperfusion (54 *
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9%) verses control animals (38 * 4%). When 6V1-1 was deliv-
ered 6 hr after reperfusion, phospho-Akt was not significantly
higher than control levels (Fig. 5¢,d).

BAD protein becomes proapoptotic when it translocates from
the cytosol to the mitochondria, where it associates with other
members of the BCI-2 family of proteins (von Harsdorf et al.,
1999). We found higher cytosolic levels of BAD with respect to
total BAD protein in 6V1-1-treated animals when treated at the
onset of reperfusion (53 = 10%; p < 0.05) and 6 hr into reperfu-
sion (48 * 1%; p < 0.05) compared with controls (35 = 5%).
When 6V1-1 was delivered at 1 hr after ischemia, we observed
increased cytosolic BAD; however, values did not reach statistical
significance (46 * 4%) (Fig. 5c.e).

Discussion

In this study, we demonstrated that inhibition of 6PKC, using a
S8PKC-selective inhibitor peptide, significantly reduced cerebral
tissue damage when administered at the onset of reperfusion.
This neuroprotection was achieved using two models of ischemic
and reperfusion injury: an in vitro hippocampal slice culture
model and an in vivo transient focal ischemia model.

0V1-1 peptide delivery in vivo

SPKC exists in a dynamic state, rapidly cycling between an inac-
tive and an active state, when it is conformationally able to bind to
its isozyme-specific anchoring molecule SRACK (receptor for
activated C kinase) and phosphorylate physiological substrates
(Mochly-Rosen, 1995). The 8V1-1 peptide was rationally de-
signed to block binding of activated PKC to SRACK and thereby
inhibit its activity. For passage through the blood-brain barrier
and intracellular delivery, the §V1-1 peptide was conjugated to
the cell membrane-permeating Tat-carrier peptide, which was
previously shown to deliver peptides (Aarts et al., 2002) and pro-
teins (Asoh et al., 2002; Cao et al., 2002; Kilic et al., 2002) to the
brain parenchyma in vivo.

We demonstrated that SPKC translocation was significantly
reduced in the brain after both in vitro and in vivo delivery of
8V1-1, consistent with access of the peptide to the brain paren-
chyma. In addition, the remarkably parallel protective effects of
8V1-1 between the in vivo MCAO model and the in vitro hip-
pocampal slice model, in which blood-brain barrier transport of
the peptide is not a factor, suggest similar access and activity of
the peptide to cells at risk in both models. Importantly, we also
found that delivery of the peptide by an intra-arterial bolus or by
intraperitoneal delivery greatly reduced infarct size, suggesting
that peripheral routes of delivery are effective in administration
of this peptide therapeutic to the CNS.

0V1-1 reduces damage from reperfusion injury

There is little consensus on whether individual PKC isozymes
play a damaging or beneficial role in cellular injury after stroke.
Here, we demonstrated that rapid activation of 8PKC occurred in
compromised tissue at the onset of reperfusion after MCA occlu-
sion. Within 10 min of reperfusion after a 2 hr stroke, SPKC was
activated, as shown by its translocation from the soluble to the
membrane fraction. This rapid translocation suggests a role for
OPKC in mediating reperfusion damage after ischemia and indi-
cates an opportunity for intervention by selective inhibition of
this enzyme.

The timing of 6V1-1 delivery further supports our hypothesis
that 6PKC activity mediates reperfusion injury processes. We
found that delivery of 6V1-1 during the OGD period alone in the
hippocampal slice model or before ischemia in the MCAO model
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provided no observable protection from cerebral injury. In con-
trast, delivery of 6V1-1 during the reperfusion period signifi-
cantly protected the brain. In the in vitro slice model, delivery
during OGD and the first 3 hr of reperfusion decreased neuronal
death. Similarly, in the in vivo model, delivery of 6V1-1 at the
onset of reperfusion, 1 hr, or 6 hr into reperfusion significantly
reduced infarct size and corresponded with improved neurolog-
ical outcome. We therefore suggest that SPKC-induced neuronal
damage may occur for several hours during reperfusion. The
protective effect of this peptide at 6 hr after the onset of reperfu-
sion also suggests its potential clinical value for late reperfusion
injury (Jonas et al., 2001).

oPKC in intracellular injury processes
Reperfusion injury is a major cause of cerebral damage after tran-
sient ischemia (Yang and Betz, 1994). The process of reperfusion
is known to produce characteristic changes, including excitotoxic
damage, inflammation, edema, and apoptosis (for review, see
Lipton, 1999). Apoptosis involves a highly regulated system of
cell death pathways and has been observed in multiple tissues in
response to ischemic—reperfusion injury (Schumer et al., 1992;
Gottlieb et al., 1994; Li et al., 1995). A growing body of literature
suggests that 6PKC plays a central role in mediating apoptosis
(Gutcher et al., 2003). In a model of cardiac ischemia and reper-
fusion, we recently demonstrated a detrimental role for 6PKC,
promoting mitochondrial damage and induction of apoptosis
(Inagaki et al., 2003b). Recent studies demonstrate that inhibi-
tion of {PKC, but not PKC, confers protection to neuron—astro-
cyte cultures exposed to a level of NMDA, which produced exci-
totoxic cell death (Koponen et al., 2003). The absence of
protection conferred by the SPKC inhibitor may be attributable
to the lack of apoptotic cell death in this model. These findings,
together with our evidence that SPKC inhibitor peptide exhibited
a CNS-protective effect when delivered during reperfusion, sug-
gest that V1-1 may confer protection, at least in part, by inhib-
iting proapoptotic processes. We therefore investigated whether
SPKC alters markers for apoptotic cell change and cell survival.
We demonstrated that in both in vitro and in vivo models of
cerebral ischemic—reperfusion injury, there was a significant re-
duction in the number of TUNEL-positive cells in 8V1-1-treated
slices (CA1 region) or animals (ipsilateral cortex), compared with
control-peptide treatments. Interestingly, this reduction in apo-
ptotic cell death was observed at 3 d postischemia in the MCAO

<«

Figure 5.  8V1-1 peptide treatment reduces apoptosis and alters levels of prosurvival and
apoptotic markers after cerebral ischemia. After 72 hr of reperfusion, brains treated with either
6V1-1or Tat peptide at the onset of reperfusion were harvested and stained using TUNEL (Tat,
n=13;8V1-1,n = 4).a, b, Images were taken of ipsilateral cortex (100 <) in control-treated
(a) and 8V1-1-treated (b) animals. *Arrows indicate TUNEL-positive cells. b, TUNEL-positive
cells were counted in four defined regions of the ipsilateral cortex in each slice. A 47% decrease
in TUNEL-positive cell count was seen in 8V1-1-treated animals compared with control ani-
mals (*p << 0.05). ¢, After 24 hr of reperfusion, lysates from brains treated with Tat peptide
alone (vehicle, n = 5) or 8V1-1 at the onset (n = 5), at 1 hr (n = 4), or at 6 hr (n = 4) of
reperfusion or brains from sham-treated animals (n = 4) were subject to Western blot analysis
for phosphorylated Akt and BAD. B-actin was used to confirm protein levels. d, Levels of
phospho-Akt were markedly increased with respect to total Akt in animals treated with 6V1-1
peptide versus vehicle-treated animals at the onset of reperfusion and at 1 hr of reperfusion
(*p << 0.05). Levels were not significantly different from controls in animals treated with
6V1-1at 6 hrinto reperfusion. e, BAD protein translocation from the cytosol to the membrane
bound fraction was inhibited in animals treated with 5V1-1 at the onset of reperfusion (*p <
0.05) at 1 hr (did not reach statistical significance) or at 6 hr of reperfusion (*p << 0.05). Graph
represents levels of cytosolic BAD protein with respect to total BAD protein.
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model and is a first indication that protection conferred by 6V1-1
is sustained for several hours (Valtysson et al., 1994).

Based on these findings, we sought to determine more pre-
cisely the role of 6PKC in mediating apoptotic injury. We there-
fore assessed alterations in markers for cell survival and apoptotic
pathways after ischemia—reperfusion. Akt (protein kinase B) me-
diates survival responses to a number of cell-death stimuli, in-
cluding DNA damage, cell-cycle misregulation, and more re-
cently, ischemia (Downward, 1998; Noshita et al., 2001). Thus,
maintenance of Akt activity is important to cell survival. Using
the 2 hr MCAO model, we found that cerebral ischemia—reper-
fusion injury caused a reduction in activated (phospho ser-473)
Akt levels and that delivery of 8V1-1 inhibited this reduction in
active Akt. These data suggest that inhibition of 6PKC in the first
hour of reperfusion promoted cell-survival signals in the brain
through preserving Akt activity. However, when 6V1-1 was de-
livered after 6 hr of reperfusion, levels of active Akt were similar
to the control group. This suggests that the neuroprotective ac-
tivity of 8V1-1 is not mediated by Akt at this later time window
and that 8PKC may be involved in alternative, or even multiple,
signaling pathways to mediate cell death, according to the phase
of reperfusion damage and cellular state (for review, see Lipton,
1999). Alternatively, this data may imply that the observed in-
crease in active Akt is secondary to 8V1-1 conferred protection.

Interestingly, Akt has also been linked to apoptotic cell-death
pathways by phosphorylation of the Bcl-2 family member BAD at
ser-136 (Datta et al., 1997). When phosphorylated, BAD is se-
questered in the cytoplasm. After an apoptotic stimulus, BAD is
dephosphorylated and subsequently translocates to the mito-
chondria, contributing to mitochondrial dysfunction (Yang et
al., 1995; Zhaetal., 1996). We were unable to determine the levels
of phosphorylated BAD. However, consistent with the expected
change in BAD distribution, we observed a decrease in cytosolic
BAD and correlated increase in membrane-bound BAD in the
brain of animals subject to ischemia followed by 24 hr of reper-
fusion. Importantly, in animals treated with 6V1-1, the ratio of
cytosolic- to membrane-bound BAD was increased. These data
indicate that BAD translocation out of the cytoplasm, and thus its
proapoptotic activity, was inhibited in animals treated with
8V1-1. Together, these data suggest that inhibition of §PKC in-
creased activity of the prosurvival enzyme Akt and inhibited the
activity of the proapoptotic protein BAD. Although the signaling
pathways between 6PKC and downstream cell survival markers
are only partly defined, the consistency of this observation in
multiple models of ischemia and reperfusion support a role for
8PKC upstream of cell survival (Murriel and Mochly-Rosen,
2004).

Reperfusion also promotes secondary damage through unreg-
ulated neurotransmitter release, decrease in cellular energy
stores, and inhibition of electron transport, leading to changes in
cell permeability and free radical generation (for review, see Lip-
ton, 1999). Previous work has outlined a role for PKC isozymes in
these responses and suggests a correlation between sustained glu-
tamate release, PKC activity, and downstream neuronal damage
(Miettinen et al., 1996; Nakane et al., 1998; Skeberdis et al., 2001).
These studies raise the possibility that other pathways may also be
involved in 8PKC-mediated reperfusion damage and suggests
additional avenues by which inhibition of 6PKC may confer neu-
roprotection. Alternatively, the protective effect of the 6V1-1
peptide may occur in part through altering cerebral blood flow
(CBF) after ischemia. However, as the peptide was protective in
an in vitro model, where vascular function does not mediate out-

J. Neurosci., August 4, 2004 - 24(31):6880 — 6888 + 6887

come, we suggest the neuroprotective effect cannot be caused by
its effect on CBF alone.

Our data indicate that 8PKC mediates cerebral reperfusion
damage and is the first report that inhibition of this enzyme
greatly improves histopathologic and behavioral outcome after
stroke in vivo. We suggest that multiple PKC isozymes play a role
in cerebral ischemic—reperfusion injury with unique windows of
activity during the ischemic and reperfusion periods. Here, we
show a selective role for 6SPKC as a mediator of reperfusion dam-
age but not ischemic injury. These data underscore the impor-
tance of using isozyme-selective tools to assess the role of indi-
vidual PKC isozymes in mediating ischemic and reperfusion
damage of the CNS and the therapeutic potential of a selective
S6PKC inhibitor on injury progression after cerebral ischemia and
reperfusion.
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