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Sustained pharmacological inhibition of 6PKC
protects against hypertensive encephalopathy

through prevention of blood-brain barrier
breakdown in rats

Xin Qi," Koichi Inagaki,’ Raymond A. Sobel,2 and Daria Mochly-Rosen’

"Department of Chemical and Systems Biology and 2Department of Pathology, Stanford University School of Medicine, Stanford, California, USA.

Hypertensive encephalopathy is a potentially fatal condition associated with cerebral edema and the break-
down of the blood-brain barrier (BBB). The molecular pathways leading to this condition, however, are
unknown. We determined the role of SPKC, which is thought to regulate microvascular permeability, in the
development of hypertensive encephalopathy using 6V1-1 — a selective peptide inhibitor of SPKC. As a model
of hypertensive encephalopathy, Dahl salt-sensitive rats were fed an 8% high-salt diet from 6 weeks of age and
then were infused s.c. with saline, control TAT peptide, or §V1-1 using osmotic minipumps. The mortality rate
and the behavioral symptoms of hypertensive encephalopathy decreased significantly in the V1-1-treated
group relative to the control-treated group, and BBB permeability was reduced by more than 60%. Treatment
with dV1-1 was also associated with decreased SPKC accumulation in capillary endothelial cells and in the
endfeet of capillary astrocytes, which suggests decreased microvasculature disruption. Treatment with §V1-1
prevented hypertension-induced tight junction disruption associated with BBB breakdown, which suggests
that OPKC may specifically act to dysregulate tight junction components. Together, these results suggest that
OPKC plays a role in the development of hypertension-induced encephalopathy and may be a therapeutic target

for the prevention of BBB disruption.

Introduction

Hypertensive encephalopathy is a complex condition that is char-
acterized by a rapid onset of headache, nausea, impaired conscious-
ness, and visual disturbances (1-3). Hypertensive encephalopathy
in humans is associated with breakdown of the blood-brain barrier
(BBB) to fluid, cells, and macromolecules, especially in the cere-
bral cortex and in the basal ganglia (1). The change in permeability
mainly affects intracerebral arteries and leads to cerebral edema,
which is invariably fatal in the absence of antihypertensive treat-
ment (2). Although antihypertensive treatment reduces the struc-
tural changes in the cerebral vessels (4), the molecular basis for
hypertensive encephalopathy is not well understood.

The BBB is an essential structure for maintaining CNS
homeostasis. It consists of vascular endothelia surrounded by
a layer of astrocytic foot processes and microglia (5-7). Tight
junctions of the BBB restrict paracellular permeability (8-10).
When the barrier integrity is disrupted, inflammatory cells and
fluid penetrate the brain, which results in edema and cell death
(5-7). Changes in BBB function are documented in several dis-
eases, including stroke, muscular dystrophy, multiple sclerosis,
Alzheimer disease, and septic encephalopathy (11-15). Conse-
quently, protection of the BBB has become an important target
for drug development.

Nonstandard abbreviations used: AQP4, aquaporine 4; BBB, blood-brain barrier;
df, degrees of freedom; DS, Dahl salt-sensitive; ZO-1, zonula occludens 1.
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The PKC family of serine/threonine kinases consists of 10 differ-
ent isozymes, which are further classified into 3 major categories:
conventional PKCs (a, BI, fIL, and ¥), novel PKCs (9, €, m, and 6),
and atypical PKCs (C, M/I, and u). PKC a, BI, BIL, y, 9, and ¢ mRNA
and proteins are present in the CNS, which indicates unique cel-
lular and subcellular localizations (16). Direct activation of PKC
by phorbol esters increases the flux of fluid and macromolecules
through the microvascular wall (17). Inhibitors of PKC, such as H7,
calphostin C, and chelerythrine, reduce the increased endothelial
permeability that is induced by hydrogen peroxide, neutrophils, and
platelet-activating factor (18-20). More importantly, PKC activation
and subsequent vascular barrier dysfunction may be involved in the
progress of circulatory disorders associated with atherosclerosis
(21),ischemia/reperfusion injury (22), and diabetic retinopathy (23).
Thus, PKC is considered to be a potential mediator of microvascu-
lar permeability under various stimulated conditions. However,
specific PKC isozymes have distinct effects on the function and the
integrity of epithelial cell and endothelial cell barriers in vitro and
in vivo. Thus, direct targeting of specific PKC isozymes may help to
identify which PKC isozyme regulates microvascular permeability.
Our previous report showed that 8PKC plays a deleterious role in
stroke and neuronal cell death and that inhibition of 8PKC by single
injection of the PKC selective inhibitor V1-1 (0.2 mg/kg) reduces
cerebral damage following a middle cerebral artery occlusion stroke
model by more than 70% (24). Furthermore, SPKC-null mice exhibit
reduced infarction following middle cerebral artery occlusion (25).
However, the role of SPKC in hypertension-induced encephalopathy
and BBB disruption has not been determined.

Alethal form of hypertension has been shown to develop in Dahl
salt-sensitive (DS) rats fed a high-salt diet from an early age (26).
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Behavioral symptoms of encephalopathy and stroke, disruption of
the BBB, and the occurrence of intracerebral hemorrhage in DS rats
fed a high-salt diet were noted (27, 28). Using the DS rat model,
we investigated the role of PKC in hypertensive encephalopathy.
We used various PKC-selective regulators (29) and found that the
OPKC-specific peptide inhibitor 6V1-1 reduced the incidence of
hypertension-induced encephalopathy by protecting the integrity
of the BBB. The molecular basis of these events was also studied.

Results
OV1-1 decreases the mortality rate of hypertensive rats. Hypertensive DS
rats develop symptoms of encephalopathy and stroke between 11
and 15 weeks of age while maintaining normal cardiac functions
(30). During this period, about 60% of the animals die of encepha-
lopathy. Around 16-17 weeks of age, the surviving rats (about 40%
of the animals) begin to develop heart failure, and the animals die
at about 21 weeks of age (30). Because we focused on encephalopa-
thy, we only studied animals between the ages of 11 and 15 weeks.
The animals were treated with various isozyme-selective PKC inhib-
itors using an osmotic pump to obtain sustained delivery. A great
delay in mortality was observed only in the hypertensive rats that
were treated with 8V1-1, the 8PKC-selective inhibitor (Figure 1A).
Whereas rats in the vehicle-treated group died by 15 weeks, only 3 of
18 rats in the 8V1-1-treated group died. Treatment with other PKC
isozyme-specific regulating peptides, including the ePKC-selective
inhibitor and the BIIPKC-selective inhibitor, did not significantly
affect survival of the hypertensive DS rats. Furthermore, rats treat-
ed with dV1-1 at the age of 15 weeks showed no improvement in
cardiac function (as evaluated by fractional shortening) compared
with rats treated with saline or TAT control peptide (Figure 1B).
Therefore, it is unlikely that 8V1-1 treatment improved survival
by ameliorating cardiac dysfunction. Together, these data suggest
that, of all the PKC isozymes, 0PKC has a specific deleterious effect,
i.e, it induces brain injury in hypertensive rats.
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Figure 1

Sustained treatment with 6V 1-1 reduces hypertension-induced enceph-
alopathy in the DS rat model. (A) DS rats were fed a high-salt diet (8%
NaCl) from 6 to 15 weeks of age and treated with saline, TAT, or PKC
peptide regulators beginning at 11 weeks via s.c. implanted osmotic
pumps that delivered peptides at a rate of 1.0 mg/kg/d. Any seizures,
twitchings, paralysis, or lethargy exhibited by the animals was record-
ed by an observer blinded to the treatments. DS rats were treated with
peptide regulators, including inhibitors selective for fll, 3, or e PKC from
11 to 15 weeks. Sustained treatment with the SPKC inhibitor §V1-1
significantly increased the survival of DS rats (*P < 0.01, log-rank
test). (B) None of the treatments affected cardiac function measured
by fractional shortening at the age of 15 weeks. Data are mean + SEM
(n = 12-16 rats per group). (C) 8V1-1 treatment significantly improved
the neurological status of DS rats. Individual neurological symptoms
were recorded and the percentage of each major behavioral symptom
of encephalopathy in each group of animals was monitored (n = 24
rats per group). *P < 0.01 versus saline- or TAT-treated group, Fish-
er’s exact test. (D) None of the treatments affected the elevated blood
pressure. Data are mean + SEM (n = 24 rats per group).

OV1-1 treatment reduces encephalopathy symptoms in hypertensive rats.
We next identified the type and severity of the encephalopathy
symptoms using a new group of animals. Because the assessment of
symptoms is subjective, the observer was blinded to the treatments.
Of the 24 saline-treated rats, 4 exhibited twitching, 3 displayed
symptoms of fore- and hind-limb paralysis, and 12 exhibited severe
lethargy (the most serious neurological deficit). The TAT-treated
group exhibited neurological deficits similar to those of the saline-
treated group. In contrast, of the 24 §V1-1-treated rats, 0 showed
severe lethargy, 1 had a seizure, 2 exhibited twitching behaviors, and
3 had limb paralysis. Rats in the vehicle-treated group with symp-
toms of encephalopathy usually died within 3 days. However, in the
dV1-1-treated group, disease was less severe; the 1 rat that had a
seizure and the 2 rats that exhibited twitching behaviors did not die
of hypertensive encephalopathy. These data suggest that dV1-1 may
reverse neurological dysfunction. However, because treatment began
before the onset of neurological dysfunction, the therapeutic effect
of 8V1-1 after the symptoms occurred could not be discerned. We
are currently investigating the benefit of 8PKC inhibition treatment
on hypertensive encephalopathy once symptoms have manifested.
This experiment will help determine whether PKC inhibition will
benefit patients with hypertension crisis and encephalopathy symp-
toms. Here we observed amelioration of the original neurological
deficits in the group of rats administered 8V1-1, which was not
observed in the control-treated groups (Figure 1C).

dV1-1 has no effect on blood pressure. Because encephalopathy is
induced by hypertension, we confirmed that none of the PKC
regulators affected blood pressure. In rats, a systolic blood pres-
sure of 150 mmHg is considered the threshold for hypertension
(27). DS rats fed 8% NaCl for 5 weeks (from 6 to 11 weeks of age)
showed severe hypertension (241 + 37 mmHg). Sustained treat-
ment with 8V1-1 from 11 to 15 weeks (1.0 mg/kg/d) did not alter
the elevated blood pressure as compared with the saline- or TAT-
treated animals (Figure 1D).
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Sustained delivery of 8V1-1 peptide inhibits 8PKC translocation.
We next confirmed that dV1-1, the §PKC-selective inhibitor
peptide, exerted its biological effect and selectively inhibited
OPKC activity. Translocation of PKC from the soluble to the
particulate fraction is a marker for PKC activation (31). We
therefore assessed OPKC translocation in the hypertensive rat
model and the effects of the treatments on the translocation. In
13-week-old rats, there was a 40% increase in dPKC transloca-
tion in the saline- and TAT-treated groups relative to the nor-
motensive rats (Figure 2A), which indicated that 6PKC is acti-
vated by hypertension. In rats treated with 8V1-1, the increase
in OPKC translocation was reduced by 70% to only about 15%
above the basal value (Figure 2A). As expected, d8V1-1 did not
affect ePKC translocation, which indicated the selectivity of
the inhibitor (Figure 2A). Furthermore, there were no changes
in the total level of 8PKC in any of the treatment groups (Fig-
ure 2B). In addition, hypertension-induced phosphorylation of
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Figure 2

Sustained delivery of 8V1-1 peptide inhibits hyperten-
sion-induced 8PKC translocation. Rats fed a high-salt
diet were treated with 8V1-1, saline, or TAT as in Fig-
ure 1. Brain tissue was harvested at 13 weeks of age.
(A) Soluble and particulate fractions of brain tissue
were subjected to Western blot analysis, and 3PKC
translocation was determined. The blots show repre-
sentative results, and the graph provides quantification
of 8PKC translocation from the cytosolic to the mem-
branal fractions. Data are mean + SEM (n = 3 rats per
group). F = 13.68, df = 3. *P < 0.05 versus saline or
TAT treatment; #P < 0.05 versus rats fed a low-salt
diet (Nor). GAPDH and Go. were used as internal con-
trols for cytosolic and membranal fractions, respec-
tively. (B) Total lysates of the brain were subjected to
Western blot analysis with anti-6PKC. GAPDH was
used as an internal loading control. Representative
data are from 3 rats per group. (C) Phosphorylation
of 9PKC (Ser643) was determined by Western blot
analysis. Data are mean + SEM (n = 3 rats per group).
F =11.49, df = 3. *P < 0.05 versus saline treatment
groups; #*P < 0.05 versus rats fed a low-salt diet.

OPKC (Ser643) was significantly inhibited by 6V1-1 treatment,
by 80%, compared with the saline-treated group (Figure 2C).

OVI-1 reduces BBB permeability. To determine the extent of BBB
disruption caused by hypertension and the effects of dPKC inhi-
bition, we evaluated the extravasation of Evans blue dye into the
brain parenchyma, a sign of BBB permeability (32). In the TAT-
treated group, 5 of 6 rats showed Evans blue extravasation into
brain parenchyma. In contrast, only 2 of 6 rats treated with §V1-1
showed some increase in BBB permeability (Figure 3A). The
amount of Evans blue dye in the brain parenchyma was greater
in the TAT-treated group (3.6 + 0.7 mg/brain) than in the dV1-1-
treated group (1.6 + 0.3 ug/brain) (Figure 3B; P < 0.01). As expected,
no Evans blue extravasation was observed in control normotensive
rats fed a low-salt diet (0.3% NaCl).

Immunoreactivity of SPKC in brain microvessels in DS rats. Endothelial
cell and astrocyte endfeet surrounding the brain capillaries form
the BBB to limit transcellular flux across the vasculature (33). We
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Figure 3

Sustained 8V 1-1 treatment decreases hypertension-induced increases in the permeability of the BBB. Evans blue dye (30 mg/kg) was injected
i.v. at 13 weeks of age in rats fed the high-salt diet. The brains were isolated 30 min after injection. (A) Evans blue dye extravasation in DS rats
treated with TAT or 8V1-1. (B) Quantification of Evans blue dye extravasation in the parenchyma of DS rat brain. Open circles represent the
amount of Evans blue dye in individual brains, and the filled circles represent the mean. Data are mean + SEM (n = 6 rats per group). F =17.71,
df =2. **P < 0.01 versus TAT treatment groups, #P < 0.05 versus rats fed the low-salt diet.
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Sustained 8V1-1 treatment preserves the integrity of the cerebral capillaries of hypertensive rats. Brain cortex samples were collected from
13-week-old DS rats treated with either TAT or §V1-1 and stained with PKC using the immunogold labeling method. (A) Middle: $PKC immu-
nogold labeling in endothelial cells and improved morphology of basal lamina (BL) after V1-1 treatment were noted. L, vessel lumen. A scheme
of the area studied is shown at left; a histogram depicting quantitative data of gold particles in endothelial cells is shown at right. Data are
mean + SEM (n = 3 animals per group). F = 16.75, df = 2. *P < 0.05 versus TAT treatment; P < 0.05 versus normotensive rats. (B) Increased
S8PKC levels in the endfeet of astrocytes (AS) that envelop vessel walls were seen in rat brains from hypertensive rats, which were blocked by
dV1-1 treatment. (C) Immunohistochemical analysis of astrocytes surrounding cerebral vessels. Frozen sections of rats treated with TAT or
dV1-1 were stained with AQP4, a marker of astrocyte endfeet process. Immunostaining of AQP4 around the cerebral vessel wall was observed.

n = 3 rats per group.

therefore assessed OPKC localization in these structures using
immunogold electron microscopy. In contrast with normotensive
DS rats fed a low-salt diet, the TAT-treated hypertensive rats had a
discontinuous basal lamina and much thicker capillary endothelial
layer in the microvessels and more immunolabeling of 8PKC in the
endothelial cells forming the border of the capillary (Figure 4A). In
contrast, relative to the TAT-treated hypertensive rats, the 6V1-1-
treated rats showed a clear basal lamina layer, thin endothelial cell
layer, and less PKC labeling in the endothelial cells (Figure 4A,
right vs. middle).

Astrocyte swelling indicates BBB damage. In the hypertensive rats
treated with TAT, we found a large number of gold particle (SPKC
immunoreactivity) label that was localized in the swollen astrocyte
endfeet covering the vessel wall, whereas no gold particles were
observed in the normotensive rats (Figure 4B, middle vs. left). Treat-
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ment with 8V1-1 reduced OPKC labeling, and the shape of astrocyte
endfeetappeared normal (Figure 4B, right). The levels of aquaporine 4
(AQP4; a marker of astrocyte endfeet processes) appear reduced
when the BBB is disrupted (34, 35). Immunohistochemistry assess-
ment showed that the perivascular astrocyte processes enveloping
the control vessel walls had a strong AQP4 immunoreactivity in nor-
motensive rats. In the TAT-treated hypertensive rats, the vessels had
amore discontinuous and faint staining of AQP4 at their abluminal
side, and this abnormal staining was corrected in the 8V1-1-treated
group (Figure 4C). In addition, long-term treatment with dV1-1
may alter the density of specific cells, such as cerebral endothelial
cells, astrocytes, and pericytes, as a means to improve BBB function.
Future studies will address this possibility. Collectively, these data
suggest that 9PKC activation mediates, at least in part, the disrup-
tion of brain microvasculature in hypertensive rats.
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dV1-1 blocks disorganization of tight junction in hypertensive DS
rats. The tight junction is an essential component of the BBB.
A large number of studies showed that altered BBB permeabil-
ity is associated with disruption of tight junction components
(8-10, 13). At the molecular level, the tight junction proteins,
including claudins, occludin (a transmembrane protein), and
Z0-1, ZO-2, and ZO-3 (members of the membrane-associated
guanylate kinase homolog family), interact with each other and
with the actin cytoskeleton to form tight junction complexes
(8,9). Alteration in occludin and ZO-1 subcellular distribution
has been used as a marker for disrupted tight junction and epi-
thelial barrier (13, 35, 36). We therefore determined the subcellu-
lar distribution of ZO-1 and occludin using Western blot analy-
sis of detergent-soluble (membrane and cytosolic fractions) and
detergent-insoluble fractions (cytoskeleton-enriched fraction).
We found less of the tight junction proteins (ZO-1 and occludin)
in the detergent-insoluble fraction and more in the detergent-sol-
uble fraction (Figure SA). As compared with normotensive rats,
there was a 40% + 2% decrease in the level of cytoskeleton-element
associated ZO-1 and a corresponding increase in soluble ZO-1 in
13-week-old hypertensive rats treated with TAT. Treatment with
dV1-1 significantly blocked this translocation of ZO-1 from the
cytoskeleton to the detergent-soluble fraction (Figure 5). We also
found that the translocation of occludin from the cytoskeleton-
element-associated fraction to the soluble fraction was similar to
that of ZO-1 and that 8V1-1 treatment blocked this translocation
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Figure 5
* Sustained 8V1-1 peptide treat-
ment blocks the translocation
of ZO-1 and occludin out of the
tight junction-enriched cyto-
skeletal fractions in brains of
hypertensive rats. Cytosolic and
membranal (detergent-soluble)
fractions and cytoskeletal (deter-
gent-insoluble) fraction were
isolated from rat brains treated
as above. (A) Lysates from DS
rat brains were subject to West-
. ern blot and analyzed usin

.61 Occludin * anti-ZO-1 and anyti-occludig
antibodies. GAPDH (a cytosolic
marker) and Ga (a membranal
marker) were used as internal
controls. (B) Histogram dem-
onstrating translocation of ZO-1
and occludin out of the cytoskel-
etonal fractions in TAT-treated
rats and its reversal in the
dV1-1-treated group. Data are
mean + SEM (n = 3 rats per
group). F=27.97, df =3 (ZO-1);
F = 8.84, df = 3 (occludin).
#P < 0.05 versus rats fed low-
salt diet; *P < 0.05 versus TAT
or saline treatment. (C) Total
lysates from DS rat brains were
subjected to Western blot anal-
ysis with anti-ZO-1 and anti-
occludin antibodies. GAPDH
was used as an internal loading
control. n = 3 rats per group.
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compared with that in the TAT-treated group (Figure 5). No sig-
nificant changes in the total protein levels of ZO-1 and occludin
were observed in either treatment group (Figure SC). These data
strongly indicate that 8V1-1 treatment blocks the disruption of
the structure of tight junctions caused by hypertension in the
DS rat model.

Next, using immunofluorescence we examined the cellular dis-
tribution of these 2 tight junction proteins in the hypertensive DS
rat brains treated with TAT or dV1-1. In the normotensive rats,
Z0-1 and occludin colocalized with CD31 (an endothelial cell
marker) and exhibited discrete dots or line-like staining. However,
the staining pattern was altered in hypertensive rat brains treated
with TAT; the staining of both tight junction proteins was diffuse
and appeared aggregated. This extensive disorganization of ZO-1
and occludin in TAT-treated rats was reversed in the hypertensive
rats treated with 8V1-1 (Figure 6, A and B). Thus, the changes in
the cellular distribution of the tight junction proteins ZO-1 and
occludin in the hypertensive rats were associated with OPKC activa-
tion, which suggests that 0PKC mediates disruption of the orga-
nization of tight junction proteins and the consequent increased
vascular permeability and results in BBB breakdown.

OPKC phosphorylates ZO-1 in hypertensive rats. ZO-1 is a phosphorylated
protein and contains 34 repeats of a PKC phosphorylation consen-
sus motif, which suggests that ZO-1 is a substrate of PKC signaling
(37). Furthermore, ZO-1 phosphorylation correlates with tight junc-
tion disruption (38-40). To begin elucidating how dPKC disrupts
Volume 118~ Number 1
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Sustained 8V 1-1 treatment preserves the cellular distribution of ZO-1 and occludin in hypertensive rat brain. Fresh frozen brain sections (13
weeks of age) were stained with antibodies for occludin (A) or ZO-1 (B) (green). Endothelial cells were identified by CD31 staining (red). Nuclei
were stained by Hoechst (blue). Left: typical examples of 3 independent experiments. Scale bar: 0.5 um. Right: enlargement of the area marked

by the white boxes in the merged image.

tight junctions, we determined the changes in phosphorylation of
ZO-1 in the hypertensive DS rat model. In hypertensive DS rats,
membrane-associated ZO-1 was phosphorylated twice as much as
in the normotensive rats (Figure 7). Importantly, V1-1 treatment
completely blocked this rise in ZO-1 phosphorylation (Figure 7). The
data suggest that 9PKC phosphorylates ZO-1 directly or increases its
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phosphorylation indirectly and consequently leads to disruption in
Z0O-1 function and an increase in BBB permeability.

Discussion
In the present study, we demonstrated for the first time to our
knowledge that sustained inhibition of dPKC, using a §PKC-
Volume 118
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selective inhibitor peptide, significantly reduced the incidence
and symptoms of hypertensive encephalopathy in a hypertensive
DS rat model. We also found that neuroprotection by the 8PKC
inhibitor was associated with the prevention of BBB breakdown,
although blood pressure remained high.

In DS rats fed a high-salt diet, BBB permeability develops
before the appearance of symptoms of brain damage (27, 28).
We found that 8V1-1 decreased BBB permeability by about 60%
as measured by Evans blue extravasation. Moreover, inhibition
of OPKC in endothelial cells and capillary barrier-associated
astrocyte endfeet in the DS rat brain was linked to ameliorat-
ing morphological dysfunction in the brain microvasculature.
Thus, prevention of BBB permeability via treatment with §V1-1
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Figure 7

Sustained treatment with 8V1-1 inhibits the serine/threonine phosphor-
ylation of ZO-1 in hypertensive rat brain. Brain tissues were fraction-
ated, and samples from the Triton-soluble membranal fraction were
immunoprecipitated with anti-ZO-1 antibody. Top: typical examples of
6 independent experiments. Bottom: quantification of ZO-1 phosphory-
lation. Data are mean + SEM (n = 6 rats per group). F = 6.58, df = 2.
*P < 0.05 versus TAT treatment; #P < 0.05 versus rats fed a low-salt
diet. In the absence of ZO-1 antibodies in the immunoprecipitation, no
Z0O-1 was detected by Western blot analysis (not shown).

might have been responsible for the amelioration of neuro-
logical deficits and the subsequent increase in survival in the
absence of an effect on blood pressure. Thus, the mechanism
is distinct from that of kallikrein, a protein implicated in the
pathogenesis of hypertension and renal diseases, which was
shown to decrease the mortality rate from stroke in the DS rat
model by reducing hypertension (41).

In normal control animals, 0PKC inhibition (or activation)
exerts no effect, including no effect on heart rate and blood pres-
sure (data not shown). Moreover, 8V1-1 has been given to patients
with acute myocardial infarction with no adverse effects (42).
Under ischemia/reperfusion conditions, the benefits of dPKC
inhibition are numerous — it reduces apoptosis (43), necrosis (29,
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Scheme depicting a possible mechanism of §PKC-mediated tight junction dysfunction, increased BBB permeability leading to hypertensive
encephalopathy, and potential sites of action of the 8PKC inhibitor §V1-1. Left: scheme of a cerebral microvessel. Middle: enlargement of the
area indicated in the red box at left. Right: scheme of a similar area in a hypertensive animal. Hypertension causes swelling of endothelia and
endfeet of astrocytes surrounding the small vessels of brain and increases immunoreactivity of SPKC (right versus middle). Serine and threonine

phosphorylation of ZO-1 by PKC activation leads to the disruption

of ZO-1 in the microvasculature and reduces its level in the tight junction

(TJ). Consequently, BBB permeability increased. 8PKC accumulation in endfeet is likely to lead to increased phosphorylation, but the substrates
have not yet been identified. Inhibition of SPKC by 8V 1-1 inhibits ZO-1 phosphorylation, which, in turn, reduces changes in TJ morphology of the

microvasculature and increases BBB impermeability.
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44), and infarct size in the heart (29) and the brain (24). §PKC
inhibition also inhibits pyruvate dehydrogenase kinase activity
and thus accelerates ATP regeneration (45). Furthermore, we pre-
viously showed that the protective effects of acute treatment with
0V1-1in a transient cerebral ischemia model were mediated, at
least in part, by the inhibition of apoptosis (24). We also found
that the increased blood flow induced by 8V1-1 treatment in the
ischemic model may play a role in neuroprotection (46). How-
ever, the mechanisms underlying hypertension-induced cerebral
damage in DS rats are not identical to those of the transient cere-
bral ischemia model, and 8V1-1 may exert beneficial effects in DS
rats via a different mechanism, the nature of which remains to
be fully elucidated.

A number of studies have shown that activation of PKC regulates
increased vascular permeability in many cell culture models. How-
ever, conflicting data on the critical role of PKC in this process have
been described. Hypoxia and posthypoxic reoxygenation-induced
increases in BBB paracellular permeability activate several PKC iso-
zymes in rat brain microvessel endothelial cells (47). Overexpres-
sion of BIPKC in human dermal microvascular endothelial cells
augments phorbol ester-stimulated increases in albumin perme-
ability (48), whereas overexpression of a dominant negative aPKC
in these cells interferes with the bryostatin-mediated decrease in
transepithelial electrical resistance — a marker of barrier function
(49). Furthermore, overexpression of OPKC decreases transepithe-
lial electrical resistance in LLC-PK1 cells, which are derived from
pig kidney cortex (50). Oxidants induce loss of intestinal epithelial
barrier integrity through the activation of 8PKC (51), and dPKC
is required for PMA- and 1,2-diacylglycerol-induced hyperperme-
ability in pulmonary microvascular endothelial cells (52). Thus,
whereas these cell culture studies have shown the potential role
of a, BI, and OPKC in barrier permeability, there is still some
uncertainty about the specific roles of the isozymes. Our study is
the first to our knowledge to provide direct evidence of BBB dis-
ruption caused by OPKC activation in an in vivo animal model.
Although BIPKC is activated in the DS rat model (30), it is unlikely
to be critical in this function because the BIPKC inhibitor did not
affect the incidence of encephalopathy (data not shown).

We also elucidated a potential molecular basis for the SPKC neu-
ron-protective effect as depicted schematically in Figure 8. Inhibi-
tion of PKC in endothelial cells and capillary barrier-associated
astrocyte endfeet in DS rat brain decreased endothelial and astro-
cyte swelling and BBB breakdown (Figure 8). Treatment with 6V1-1
significantly blocked the change in subcellular location of ZO-1
and occludin at the tight junction, which suggests that the modi-
fication of tight junction proteins by OPKC is responsible for the
increase in BBB permeability caused by hypertension (Figure 8).
Furthermore, we found that ZO-1 was phosphorylated at serine
and threonine residues and that §V1-1 treatment inhibited the
phosphorylation of ZO-1. Indeed, serine/threonine phosphoryla-
tion changes are known to regulate the function of both existing
and assembling tight junction proteins (53), and increased serine
and threonine phosphorylation of ZO-1 enhances BBB permeabil-
ity (36, 40, 54). Because a lack of ZO-1 prevents the targeting of
occludin to the junctional contacts, changes in ZO-1 localization
at the tight junction are coupled to alterations in the recruitment
of other tight junction proteins at endothelial membranes and con-
sequently lead to an increase in vascular permeability (8, 10). Thus,
ZO-1 may serve as a direct target for 3PKC in hypertensive encepha-
lopathy or may be a substrate of a downstream kinase of 9PKC.
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Alterations in the BBB and tight junctions correlate with
reduced AQP immunoreactivity in perivascular glial endfeet (34,
35). This finding supports our data, which indicate that swollen
and/or degenerated glial endfeet with a reduction in AQP4 con-
tent is relevant to alterations in tight junction proteins. AQP4 can
be phosphorylated by PKC in vitro (54), and activation of PKC by
phorbol 12,13-dibutyrate decreases AQP4 levels in astrocytes via
phosphorylation at Ser180 (55). In the present study, we found
that hypertension induced a significant increase in 8PKC levels
and a decrease in AQP4 in the surrounding vessel wall. Further-
more, both 8PKC and AQP4 were normalized by treatment with
the 8PKC inhibitor 8V1-1. It is possible that activation of dPKC
in astrocytes induced by hypertension decreases AQP4 levels via
phosphorylation, which, in turn, leads to astrocyte swelling and
a subsequent increase in BBB permeability. Activated astrocytes
can release inflammatory mediators such as tumor necrosis fac-
tor and interleukin-1, which can also increase the permeability
of the BBB (56, 57). Moreover, it was shown in §PKC-null mice
that neutrophil infiltration into the brain is reduced and proin-
flammatory cytokines and chemokines are inhibited following
stroke (25). Thus, it is possible that increased OPKC in astrocytes
following hypertension may, in part, be due to astrocyte-derived
inflammatory factors. However, this remains to be determined.

In the present study, we also examined the immunoreactivity
of OPKC in postmortem samples of human brain to determine
whether the same alteration of dPKC activation in the micro-
vasculature occurs in humans suffering from hypertension
(see Supplemental Methods; supplemental material available
online with this article; doi:10.1172/JCI32636DS1). Data for 3
male patients are provided in Supplemental Figure 1. Patients
07A22 and 07A29 both had a history of hypertension, whereas
the third patient (07A31) had no history of hypertension and
died of amyotrophic lateral sclerosis (normal basal ganglia and
cortex were observed). All the samples show staining of the ves-
sel wall smooth muscle. However, it appears that the 2 patients
with a history of hypertension have more PKC staining in the
arteriolar endothelial cells and astrocytes than does the nonhy-
pertensive patient (Supplemental Figure 1).

Obviously, the number of samples in this study was too small
to be conclusive, but these data are consistent with our animal
data and suggest that hypertension-induced pathology in human
brains may be associated with 8PKC activation in the cerebral
microvasculature. A larger study with many more samples, includ-
ing age- and sex-matched patients with similar comorbidity fac-
tors, such as diabetes, obesity, and smoking habits, is required to
make a definitive conclusion.

In conclusion, our findings suggest that dPKC activation is a
key signaling event that dysregulates the structural and functional
integrity of tight junctions and BBB, which leads to brain damage
and hypertension-induced encephalopathy. Our data suggest that
dV1-1 has therapeutic potential for the prevention or reduction of
cerebrovascular injury in hypertension-induced encephalopathy in
rats. If a similar mechanism occurs in humans, a 9PKC inhibitor
may be useful for patients at risk of hypertension-induced enceph-
alopathy and stroke, common causes of morbidity and mortality,
especially among people of African and Asian descent.

Methods
Protease and phosphatase inhibitor cocktails, trichloroacetic acid,
paraformaldehyde, and Evans blue dye were purchased from Sigma-
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Aldrich. Antibodies against 8PKC were purchased from Santa Cruz Bio-
technology Inc., antibodies against ZO-1 and occludin were purchased
from Zymed Biotechnology, and GAPDH antibody, clone 6C5, was pur-
chased from Advanced Immunochemical. Antibodies for the anti-serine
643 phosphorylation of 9PKC and anti-serine and threonine phosphoryla-
tion were from Cell Signaling Technology. Anti-mouse IgG and anti-rabbit
IgG, peroxidase-linked species-specific antibodies, were purchased from
Amersham Biosciences. Anti-CD31 and anti-AQP4 were from Chemicon.
The OPKC-specific antagonist peptide V1-1 (8PKC inhibitor, amino acids
8-17 [SENSYELGSL]) was synthesized by American Peptides and conju-
gated to TAT-carrier peptide (amino acids 47-57) via a cysteine-cysteine
S-S bond at their N termini, as previously described (29).

Animals and treatments. Male DS rats, aged 4-5 weeks, were obtained
from Harlan. The rats were fed a high-salt diet containing 8% NaCl
from the age of 6 weeks and were maintained to 15 weeks of age. From
the age of 11 weeks, the rats were subcutaneously infused with 0.9%
saline, control carrier TAT, or 8V1-1 (1.0 mg/kg/d) with an osmotic
pump (Alzet Osmotic Pump). The rats were monitored twice daily for
behavioral signs of hypertensive encephalopathy. Major neurological
findings and symptoms included the occurrence of seizures, head and
forelimb repetitive twitching behaviors, fore- and hind-limb paraly-
sis, and severe lethargy. If one of these symptoms occurred, they were
regarded as a sign of hypertensive encephalopathy. The systolic blood
pressure was measured biweekly with a tail-pulse pick-up method with-
out anesthesia. Fractional shortening was measured by transthoracic
echocardiography (Vivid 7; GE). The animals were euthanized at the
end of 15 weeks. The animals were coded so that the observer was blind-
ed to the treatment.

Tissue preparation. The animals were deeply anesthetized with isofluorene
(3%) and transcardially perfused with PBS. The brains of some animals
were removed immediately and quickly frozen in liquid nitrogen. Some
animals were transcardially perfusion-fixed with 4% paraformaldehyde
fixative and further postfixed in paraformaldehyde for 1 h. The brains
were then cryoprotected by immersion in a 30% sucrose solution for
24 h at 4°C and then frozen rapidly in Tissue-Tek (Fisher Biotechnology)
for immunostaining. All samples were stored at -80°C.

Measurement of BBB permeability. Rats were deeply anesthetized with iso-
fluorene (3%), and Evans blue dye (30 mg/ml in 0.9% saline) was injected
(30 mg dye/kg) into the femoral vein. After 30 minutes, the rats were
perfused with 200 ml of PBS by transcardiac infusion, and the brains were
removed. After the cerebellum and brainstem were removed, the cerebral
hemispheres were homogenized in 2 ml of 0.1 M PBS. After centrifugation
at 1,000 g for 5 min at 4°C, 0.7 ml of the supernatant was added to 0.7 ml
of 100% (w/v) trichloroacetic acid. The mixture was incubated at 4°C for
18 h and then centrifuged at 1,000 g for 30 min at 4°C. Evans blue con-
centration in the supernatant was measured at 610 nm with a spectropho-
tometer. Results are presented as milligrams of Evans blue by comparing
it with a standard solution.

Immunogold electron microscopy. Fixed specimens were rinsed with 10 mM
ammonium chloride in 0.1 M PBS for 45 min, dehydrated in an ascend-
ing ethanol series up to 70% ethanol, and embedded in the acrylic resin
LR-Gold. The resin was hardened at 25°C under a 500-W halogen lamp.

Thin sections were cut with an LKB V ultramicrotome and collected
on formvar-coated nickel grids. The grids were incubated in 1% normal
goat serum to block nonspecific reactions for 1 h. The sections were
incubated at room temperature with §PKC antibodies (1:25) for 1 h,
washed with PBS, and incubated for 1 h with secondary antibodies (goat
anti-rabbit for 8PKC, 1:50) coupled to gold particles. After a PBS wash,
followed by a 1% lead citrate wash, the samples were examined with a

Zeiss EM electron microscope.
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Tissue fractionation. Frozen brain tissues were thawed on ice in homogeni-
zation buffer (20 mM Tris-HCI [pH 7.5], 2 mM EDTA, 10 mM EGTA, 250
mM sucrose, and protease and phosphatase inhibitors). The tissues were
then minced and ground with a pestle in the presence of molecular grind-
ing resin (Geno Technology) to produce homogenates. The homogenates
were centrifuged at 100,000 g for 30 min (4°C) to separate the cytosolic
soluble fraction from the membranous fraction. After the soluble fractions
were isolated, the pellets were rehomogenized in homogenization buffer
containing 1% Triton X-100, incubated on ice for 30 min, and subsequently
centrifuged at 100,000 g for 30 min (4°C). The Triton-soluble particulate
fraction was isolated, and the Triton-insoluble fraction pellets were dis-
solved in SDS sample buffer. The samples were analyzed by Western blot.

Western blot. Protein concentrations were determined by Bradford assay.
Proteins from each fraction were resuspended in Laemmli buffer, loaded
on 10% SDS-PAGE gels, and transferred onto nitrocellulose membranes.
Membranes were probed with the indicated antibody followed by visualiza-
tion by ECL and quantitated using NIH Image] software.

Immunofluorescence. Frozen 10-um-thick cryosections were used. The
sections were allowed to thaw at room temperature for at least 2 h and
then fixed in cold acetone for 2 min. Primary anti-ZO-1 (1:50), anti-CD31
(1:500), or anti-occludin (1:10) antibodies were used. After 3 S-min wash-
ings, sections were incubated with a mixture of FITC goat anti-rabbit anti-
body (1:50) and streptavidin (1:500) for 1 h in 1% blocking buffer. After
incubation for 15 min in Hoechst stain, the sections were washed and
examined under the microscope.

Immunobistochemistry. The indirect streptavidin-biotin-peroxidase method
was used, and sections were treated with 0.3 % H,O, for S minutes at room
temperature. Sections were incubated in primary anti-rabbit AQP4 (1:200)
antibodies for 2 h at room temperature. After the immunohistochemical
reaction, sections were stained with an HRP IHC kit (Chemicon).

ZO-1 immunoprecipitation. Membrane fractions of brain homogenates
(500 ug protein) were incubated with ZO-1 antibodies for 3 h at
4°C and then incubated with Sepharose beads for 1 h at 4°C. The
immunoprecipitates were separated on a 6% SDS-PAGE and transferred
onto PVDF membranes. Serine and threonine phosphorylation of ZO-1
was determined by using a mixture of phosphoserine and phosphothreo-
nine antibodies (1:1,000 dilution).

Statistics. All data are expressed as the mean + SEM. One-way ANOVA
with a post-hoc Tukey’s honestly significant difference test was used to
determine difference between the groups. The F value with degrees of free-
dom (df) was provided. Survival was analyzed by conducting a standard
Kaplan-Meier analysis with a log-rank test. The significance of changes in
neurological symptoms was analyzed with a Fisher’s exact test. A P value
less than 0.05 was considered significant.
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