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Purpose. The aim of the study is to identify specific protein kinase C (PKC) isoforms involvement in K+

transport mediated at altered bloodYbrain barrier (BBB) response to stroke conditions with prior

nicotine exposure, which provides ways to intervene pharmacologically in PKC-mediated molecular

pathways that could lead to effective treatment for smoking stroke patients.

Methods. Changes in PKC isoform levels were studied in the cytosolic and membrane fractions of

bovine brain microvessel endothelial cells subjected to stroke conditions as well as nicotine/cotinine

exposure. Furthermore, abluminal Na,K,2Cl-cotransporter (NKCC) activity regulated by specific conven-

tional PKC isoform activators and inhibitors was investigated using rubidium (86Rb) uptake studies.

Results. Membrane-bound PKCa, PKCbI, and PKC( levels were increased after 6 h hypoxia/aglycemia,

and this was attenuated by 24-h nicotine/cotinine exposure. Interestingly, membrane-bound PKCg
protein level was decreased after 6 h hypoxia/aglycemia and increased by 24-h nicotine/cotinine

exposure. 86Rb uptake studies showed that basolateral NKCC activity was down-regulated by both a

conventional PKC inhibitor and specific inhibitors for PKCa, PKCb, and PKC( and was up-regulated by

an activator of conventional PKCs during 6-h hypoxia/aglycemia treatment.

Conclusion. Specific PKC inhibitors or activators might be designed to individualize stroke therapies

and improve health outcome for smokers by rebalancing ion transport into and out of the brain.

KEY WORDS: bloodYbrain barrier; Na,K,2Cl-cotransporter; nicotine; protein kinase C; stroke.

INTRODUCTION

Stroke is the third leading cause of death and a major
source of disability in the USA. There are 17,000 stroke-
related deaths per year attributed to cigarette smoking, and it
has been reported that hemorrhagic and ischemic stroke
relative risk ratio increases significantly when ten cigarettes
are smoked per day in men and women (1). Treatment for
the most common type of stroke (ischemic) mainly consists of
antifibrinolytic therapy with tissue plasminogen activator.
Yet, only 3Y5% of patients reach the hospital in time to
receive this therapy (current American Heart Association
statistics). Development of novel therapeutic approaches is
desperately needed. Additionally, understanding how tobac-
co smoke constituents affect bloodYbrain barrier (BBB)
function and stroke conditions could provide useful insights
for brain edema resolution and may significantly improve the
ability to treat stroke patients who smoke.

Nicotine, a key ingredient of cigarette smoke, has been
shown to aggravate brain injury and edema following
cerebral ischemia in experimental animals. Chronic nicotine
administration to rats has been shown to enhance focal brain
ischemic injury using the reversible (1 h) middle cerebral
artery occlusion rat model (2). Furthermore, nicotine admin-
istration down-regulates the expression and function of
Na,K-ATPase at the BBB (3), depletes the free pool of brain
microvascular tissue plasminogen activator (2), enhances
brain edema in stroke, and compromises blood flow in the
periphery of the ischemic core (2). The mechanism by which
nicotine aggravates brain edema and injury in stroke has not
been fully understood. However, our former experiments
have shown that functional nicotinic acetylcholine receptors
are present in the brain endothelial cells, and they may play a
role in these events, especially at the BBB (4,5). It has been
shown that acute exposure to nicotine has direct effects on
brain endothelial cell cytoarchitecture and tight junctional
protein ZO-1 organization (4). These findings suggest that
nicotine exposure compromises the ability of brain endothe-
lial cells to maintain cellular polarity of ion transport
proteins, which are important for ischemia recovery.

The BBB, which is formed by the cerebral endothelium,
has a critical role in the regulation of water and electrolyte
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balance within the central nervous system. Two transport
carriers, Na,K-ATPase and the Na,K,2Cl-cotransporter
(NKCC), mediate active sodium and potassium transport
across the BBB (2,6,7). Both carriers are believed to
predominantly drive K+ efflux from brain into blood,
thereby helping to maintain the ionic stability of brain
extracellular fluid (ECF) (8). Under hypoxic conditions,
Na,K-ATPase activity declines, whereas brain-to-blood
movement of K+ is maintained by a marked upregulation of
the NKCC (5,9), which is necessary for proper recovery of
the brain ECF ionic environment from stroke. It has been
shown that nicotine blocks the ability of NKCC to transport
K+ out of brain under hypoxic/aglycemic conditions and
thereby prevents the BBB from helping to return the
electrolyte balance toward normal (5).

Previous studies suggest that phosphorylation plays an
important role in regulation of NKCC activity (7,8). In brain
endothelial cells, it has been shown that protein kinase C
(PKC) inhibition with staurosporine reduces basal activity of
the NKCC (8). Additionally, calyculin A, an inhibitor of
protein phosphatases, has been shown to stimulate NKCC
activity (5,7,8). Our laboratory has also identified a potential
mechanism involving PKC phosphorylation in altered BBB
response to stroke conditions with prior nicotine and cotinine
exposure directly implicating damage to brain-to-blood K+

transport mediated at the BBB (5).
Although previous studies have demonstrated PKC

involvement in brain ischemia, little is known about iso-
form-specific actions of PKC on NKCC regulation at the
BBB during the combination of prior nicotine exposure and
stroke conditions. Members of the PKC family play a key
regulatory role in a variety of cellular functions, including cell
growth and differentiation, gene expression, hormone secre-
tion, and membrane function (10). They are involved in cell
signaling by catalyzing the phosphorylation of specific serine
and threonine residues on various cellular proteins, thereby
modulating their functions (11). Patterns of expression and
regulation for each PKC isoform differ among tissues, and
PKC family members exhibit clear differences in their
cofactor dependencies. These isoforms are differentially
distributed in brain cells (12) and differentially activated by
second messengers (13). PKC, as a second messenger, is
believed to be the main operative mechanism regulating
NKCC activity because this ion transport protein has been
shown to have ten putative sites for phosphorylation by PKC
(14). The purpose of this study was to identify the specific
PKC isoforms responsible for altered BBB NKCC protein
expression and activity after combined stroke conditions and
nicotine exposures. Using a well-characterized bovine brain
microvessel endothelial cell (BBMEC) model of the BBB, we
have tested the following: (1) occurrence of eight PKC
isoforms (a, bI, bII, g, (, d, h, and x); (2) changes in the levels
of different PKC isoforms in the cytosolic and membrane
fractions of BBMECs subjected to stroke conditions as well
as nicotine/cotinine exposure; and (3) NKCC activity regu-
lated by specific conventional PKC isoform activators and
inhibitors. A better understanding of the mechanisms that
regulate expression and activity of this key carrier protein,
NKCC, after the stroke and nicotine insults, potentially could
lead to novel therapeutic approaches that protect the central
nervous system from neurological damage associated with

nicotine and/or stroke insults focusing directly on reestab-
lishment of brain ECF ion homeostasis.

MATERIALS AND METHODS

BBMEC Cell Culture

Primary BBMECs were collected from gray matter of
bovine cerebral cortexes using enzymatic digestion and
centrifugation separation methods as described previously
(15). All endothelial cells used for these studies were primary
cultured cells from passage zero, which have been shown
to maintain excellent BBB characteristics as well as a good
in vivo correlation (4).

The isolated cells were seeded at a cell density of 25,000
cells/cm2 in 100-cm2 petri dishes, which were coated with
collagen and fibronectin. At day 12, confluent BBMECs were
used for protein isolation and then Western blotting analysis
(described below). Before different treatments, BBMECs
were serum starved for 8 h. Addition of astrocytic factors was
not utilized because cells needed to be grown in single
compartment as petri dishes to provide adequate protein
yields. All the cells used in this set of experiments were
grown in the same condition, expressing the same amount of
NKCC cotransporter protein.

For the K+ uptake studies, the isolated cells were grown
as described before (5). Briefly, BBMECs were seeded at a
cell density of 50,000 cells/cm2 onto 12-well Transwell plate
inserts (0.4-mm pore size). Prior experiments have shown that
adding astrocytes conditioned media (ACM) to preconfluent
endothelial cells provides the most robust NKCC
cotransporter activity (6). Differentiation between luminal
and abluminal endothelial surfaces was made based on
addition of C6-conditioned media to the abluminal chamber
48 h preconfluence. In this study, ACM was prepared by
seeding C6 cells (American Type Cell Collection, Rockville,
MD, USA) at 40,000 cells/cm2, culturing to confluence, and
then refeeding with fresh growth media for 48 h. The
resultant ACM was passed through a 0.22-mm sterile filter.
After 10 days of growth, BBMECs were exposed to
conditioned media (applied to the abluminal wells) that
consisted of a mixture of 45% fresh BBMEC growth media,
45% ACM, and 10% fetal bovine serum for 48 h. At day 12,
confluent monolayers of BBMECs were used for
measurement of K+ uptake (described below).

Hypoxia /Aglycemia Treatment

To model ischemic condition, cells were exposed to
hypoxia/aglycemia (H/A) treatment. Confluent BBMECs
seeded in the petri dishes or transwells were exposed to H/A
condition by adding RPMI 1640 (without glucose) bubbled
with 95% N2 and 5% CO2 at 3 l/min for 5 min. Hypoxia was
induced by placing the confluent BBMECs for 6 h in a
custom hypoxia polymer glove box (Coy Laboratory Prod-
ucts Inc, Grass Lake, MI, USA) at 37-C that had been
infused with 95% N2 and 5% CO2. The concentration of
oxygen in the chamber was maintained at 0%, and the PO2 in
the media was below 25 mm Hg (6%).
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Nicotine/Cotinine Treatment

Nicotine (100 ng/ml in culture media) and cotinine (1000
ng/ml in culture media) were added to the 100-cm2 petri
dishes or Transwell luminal chambers (upper chambers) 24 h
before protein isolations or K+ uptake experiments. These
doses of nicotine and the principle metabolite cotinine were
chosen to model plasma levels seen in human smokers (4,5).
Levels of nicotine and cotinine were verified by previous high-
performance liquid chromatography analysis after a 48-h in-
cubation and were shown to be >85% intact (5).

PMA Positive Control Treatment

4b-Phorbol-12-myristate-13-acetate (PMA), a well-
known PKC activator, was used as a positive control
treatment, which activates cytoplasmic PKC and also induces
phosphorylation of transmembrane receptors. PMA was
obtained from Sigma (St. Louis, MO, USA) and was used
at 100-nM concentration for 6 h (16).

Total Cell Lysate Preparation

After different treatments, BBMECs in three petri
dishes were washed twice with ice-cold PBS (pH 7.4),
scrapped, and then the cell suspensions were centrifuged at
1000 � g for 10 min. The resulting cell pellets were
resuspended into 200-ml lysis buffer [10 mM TrisYHCl, 150
mM NaCl, 15% (w/v) glycerol, 1% (w/v) Triton X-100, 1 mM
ethylenediaminetetraacetic acid (EDTA), 100 mM phenyl-
methylsulfonyl fluoride (PMSF), and a cocktail tablet of
protease inhibitors (Roche, Lewes, UK)]. Total cell lysate
was put on ice for 15 min with occasional vortex and was then
centrifuged at 10,000 � g for 10 min at 4-C. The supernatant
was collected as the total cell lysate and was stored at j20-C
for further Western blotting analysis.

Cell Subcellular Fractionation

After different treatments, BBMECs in three petri
dishes were washed twice with ice-cold PBS (pH 7.4),
scrapped, and then the cell suspensions were centrifuged
at 1000 � g for 10 min. The resulting cell pellets were
resuspended into 200 ml hypotonic buffer [10 mM HEPES,
10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 100 mM PMSF,
and a cocktail tablet of protease inhibitors (Roche)] and
incubated for 15 min on ice with occasional vortex. The
cells were then homogenized using a glass homogenizer
(30 strokes). The homogenates were centrifuged at 3000 �
g for 10 min, and the supernatant was collected. The pellet
was resuspended in 500-ml hypotonic buffer, rehomogenized,
and centrifuged at 3000 � g for 10 min. The resulting
supernatant was pooled with the supernatant from the pre-
vious step, and the mixture supernatant was centrifuged at
100,000 � g for 30 min, and then the resulting supernatant
was collected as cytosolic protein part. The pellet part
(membrane protein part) was added into 100-ml lysis buffer
and was kept on ice for 2 h with occasionally vortex. Then
the suspension was centrifuged at 10,000 � g for 12 min,
and then the supernatant containing membrane protein was
obtained.

Potassium (K+) Uptake Measurements

All experiments were performed on BBMECs exposed
to ACM because these culturing conditions have been shown
to increase BBMEC NKCC activity (6). The potassium
uptake measurements were carried out as previously de-
scribed (5) within the hypoxic glove box. 86Rb was used as a
surrogate tracer for K+ because it has been demonstrated
that 86Rb quantitatively substitutes for K+ in the NKCC
system (17). To begin experiments, BBMECs were pre-
incubated with a HEPES-buffered medium containing 2 mM
ouabain for 15 min. 86Rb (0.2 mCi/well) was then added, and
the cells were rotated at 37-C for 10 min. The assay was
terminated by washing with ice-cold PBS. BBMECs were
solubilized with 1% Triton X-100, and the radioactivity
present in each extract was determined by a Beckman LS
6500 liquid scintillation counter. Protein content in each
sample was determined using the detergent-compatible
bicinchoninic acid (BCA) assay (Pierce Chemical, Rockford,
IL, USA). K+ uptake into BBMECs (expressed as nanomoles
per milligram of protein per minute) was calculated from the
ratio of 86Rb uptake and the 86Rb content in the incubation
buffer (9). Ouabain-insensitive K+ uptake was considered
NKCC activity. For experiments that segregated luminal
(blood facing) vs. abluminal (brain facing) activity, both oua-
bain and the 86Rb were added to either the upper (measuring
luminal activity) or the lower (measuring abluminal activity)
part of the Transwell. Negligible transport of inhibitors or
86Rb occurred within the short time course of these exper-
iments as previously described (5).

Functional activation of the NKCC cotransporter regu-
lated by specific conventional PKC isoform activators and
inhibitors was assessed similarly using the above 86Rb uptake
studies in the absence or presence of different PKC inhibitors
and activators. Hexahydroxy-biphenyl-dimethanol dimethyl
ether (HBDDE), an inhibitor for common PKCs, was bought
from Calbiochem (San Diego, CA, USA) and was used at a
concentration of 100 mM (18). Hispidin, a PKCb inhibitor,
was obtained from Sigma and was used at a concentration of
10 mM (19). PKC( inhibitor was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) and was used at
concentrations of 300 mM (20). This inhibitor peptide consists
of octapeptide derived from the receptor for the activated C
kinase binding site (V1 region) of PKC( and has been
reported to specifically block the translocation of PKC(.
PKCa inhibitor was purchased from Santa Cruz
Biotechnology and was used at concentrations of 300 mM
(21). This inhibitor peptide is a nonapeptide derived from the
receptor for activated C kinase 1 (RACK1) binding site in
the C2 domain of PKC. It could inhibit glucose-induced
translocation of PKCa to the cell periphery and reduces
insulin response to glucose (22). Thymeleatoxin, an activator
for PKCa, PKCbI, and PKCg, was obtained from Calbiochem
and was used at a concentration of 1 mM (23). All inhibitors
and activators were added during both the preincubation and
86Rb uptake time periods.

PKC Western Blotting Analysis

The isolated total protein sample, cytosolic part, and
membrane part protein sample concentrations were deter-
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mined using the BCA assay (Pierce Chemical). Exactly 10 mg
of protein determined from BCA protein assay from each
sample was separated using a gradient (4Y12%), TrisYglycine
polyacrylamide gel (Novex, San Diego, CA, USA). This
method has been used previously for the analysis of Western
blot immunoreactivity (4,5,24,25). The protein samples were
then electrophoretically transferred to a polyvinylidene
difluoride (PVDF) membrane (Amersham Biosciences Inc.,

Piscataway, NJ, USA). Prestained molecular weight markers
were electrophoresed in parallel. Nonspecific protein binding
was blocked by incubation of the PVDF membranes con-
taining the protein samples with a blocking buffer (contain-
ing 5% nonfat dry milk) for 2 h.

Rabbit peptide-specific antibodies (IgG fraction) that
recognize PKCa, PKCbI, PKCbII, PKCg, PKC(, PKCd, PKCh,
and PKCx isoforms were from Santa Cruz Biotechnology.
These antibodies used for detection of PKC isoforms were all
rabbit affinity-purified polyclonal antibody raised against a
peptide mapping at the carboxy terminus of different PKC
isoforms separately. The PVDF membranes were probed for
overnight with PKC primary antibody at a dilution of 1:200 TBS
Tween 20Y5% milk. After three times washing, the membrane
was then incubated with anti-rabbit IgG-horseradish peroxi-
dase secondary antibody for 2 h at a dilution of 1:10,000
TBS Tween 20Y5% milk. Following secondary antibody in-
cubation, the membrane was washed another three times, and
the different PKC isoform signals were detected by enhanced
chemiluminescence-detecting reagents Western Lightening
(Amersham Biosciences Inc.).

Fig. 1. Detection by Western blotting analysis of different protein

kinase C (PKC) family members in bovine brain microvessel

endothelial cells (BBMECs). One representative experiment of three

independent experiments is shown. Control experiment with this

PKCbII antibody showed cross-reactivity in PKCbII positive cells

(lung fibroblasts), suggesting that BBMECs lack PKCbII isoform

expression (data not shown).

Fig. 2. Immunoblots and changes in the level of cytosol and membrane fractions of

BBMECs labeled with conventional PKCa (A), PKCbI (B), and PKCg (C) specific

antibodies in the absence or presence of H/A and/or N/C as well as 4b-phorbol-12-

myristate-13-acetate (PMA) positive control conditions. One representative immuno-

blot experiment of three independent experiments is shown. Control experiment with

this PKCbII antibody showed cross-reactivity in PKCbII positive cells (lung fibroblasts),

suggesting that BBMECs lack PKCbII isoform expression (data not shown). For the

densitometry determination, data represent means T SD of three independent deter-

minations. The values are expressed as a percentage of the intensity of the band derived

from the control PMA (100%) for each individual blot. *p < 0.05 compared with their

respective control or H/A condition using one-way analysis of variance (ANOVA) and

NewmanYKeuls multiple comparison.
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Fig. 2. Continued.
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The densitometric intensity of each autoradiographic
band was quantified using a Bio-Rad Quantity One (version
4.5.2) software (Bio-Rad Laboratories, Hercules, CA, USA).
Results were normalized to total protein loading and were
expressed as a percentage of the intensity of the band derived
from the control PMA for each individual blot.

Statistical Analysis

All data are expressed as mean T SD, and values were
compared by analysis of variance. When the differences in
the means were significant, post hoc pairwise comparisons
were conducted using NewmanYKeuls multiple comparison
(GraphPad Prism, version 3.03, GraphPad Software, San
Diego, CA, USA). Values of p less than 0.05 were considered
statistically significant.

RESULTS

Occurrence of PKC Isoforms in BBMECs

To investigate the regulatory roles of PKC isoform on
NKCC activity in BBMECs, it was first necessary to detect

the PKC isoforms expressed in brain endothelial cells. The
occurrence of eight (a, bI, bII, g, (, d, h, and x) isoforms was
investigated in BBMECs using Western blot analysis. The
immunoblot results showed that BBMECs express conven-
tional PKCa, PKCbI, PKCg, novel PKC(, PKCd, PKCh, and
atypical PKCx isoforms, whereas no significant immunoreac-
tivity was detected for PKCbII isoform (Fig. 1). Control
experiment with this PKCbII antibody showed cross-reactiv-
ity in PKCbII positive cells (lung fibroblasts), suggesting that
BBMECs lack PKCbII isoform expression (data not shown).

H/A and N/C Induce Specific Alterations in the Subcellular
Distribution of PKC Isoforms

Because membrane translocation is a prerequisite for
PKC isoform activation, we measured membrane and cyto-
solic PKC isoform immunoreactivities. In this study, changes
in the levels of different PKC isoforms were determined in
the cytosolic and membrane fractions of BBMECs subjected
to stroke conditions as well as N/C exposure. Western blot
analysis was applied to control, H/A 6 h, N/C 24 h, H/A 6 h +
N/C 24 h, and PMA-treated samples (positive control).

 

Fig. 3. Immunoblots and changes in the level of cytosol and membrane fractions of

BBMECs labeled with novel PKC( (A), PKCd (B), and PKCh (C) specific antibodies in

the absence or presence of H/A and/or N/C as well as PMA positive control conditions.

One representative immunoblot experiment of three independent experiments is shown.

For the densitometry determination, data represent means T SD of three independent

determinations. The values are expressed as a percentage of the intensity of the band

derived from the control PMA (100%) for each individual blot. *p < 0.05 compared with

their respective control or H/A condition using one-way ANOVA and NewmanYKeuls

multiple comparison.
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Fig. 3. Continued.
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Representative immunoblots for seven PKC isoforms
subjected to different treatments are shown in Figs. 2
(conventional), 3 (novel), and 4 (atypical). PMA, as a
positive PKC translocation control treatment, caused the
maximal translocation of cytosolic conventional PKCa and
PKCbI to the membrane fraction, which also indicated that
the cytosolic and membrane fraction proteins were separated
well in this study (Fig. 2A and B). However, PMA did not
stimulate novel and atypical PKCd, PKCh, and PKCx
translocation from cytosolic to membrane fraction (Figs. 3B,
C, and 4). It was shown that membrane-bound PKCa,
PKCbI, and PKC( levels were increased after 6 h H/A, and
this was attenuated by 24-h N/C exposure (Figs. 2A, B, and
3A). However, membrane-bound PKCg protein level was
decreased after 6 h H/A and increased by 24-h N/C exposure
(Fig. 2C). It is interesting to note that there is no PKCg
expression in the cytosolic part in BBMECs. In contrast to
PKCa, PKCbI, PKC(, and PKCg, no significant spatial
translocation changes between cytosolic to membrane frac-
tion were observed in translocation of PKCd, PKCh, and
PKCx after H/A 6-h treatment (Figs. 3B, C, and 4). It should
be noted that there is no single band specifically probed in

PKCx Western blotting figure, which has been reported by
several researchers (26).

Quantitative analyses of the distribution of the isoforms
between cytosolic and membrane fractions are also shown in
Figs. 2Y4, in which each treated sample densitometry was
compared to the corresponding control PMA sample (control
PMA sample densitometry 100%). Six hours of hypoxia
significantly increased the abundance of PKCa, PKCbI, and
PKC( in the membrane fraction, whereas the up-regulations
of PKCa and PKCbI were decreased significantly by H/A
6 h combined with 24-h N/C exposure compared to the H/A
6 h only (p < 0.05; Fig. 2A and B). However, membrane-
bound PKC( expression decrease was not significant during
stroke and nicotine combining treatment (p > 0.05; Fig. 3A).

Potassium Uptake Measurements

We have demonstrated that the activity of two ion trans-
port proteins, Na,K-ATPase and NKCC, contributed to 98%
to total BBMEC K+ uptake (5). Therefore, we measured K+

uptake (using 86Rb+ as a tracer for K+) through an ouabain-
sensitive K+ uptake studies to investigate NKCC activity.

Fig. 4. Immunoblots and changes in the level of cytosol and membrane fractions of

BBMECs labeled with atypical PKCx-specific antibodies in the absence or presence of

H/A and/or N/C as well as PMA positive control conditions. One representative

immunoblot experiment of three independent experiments is shown. There is no single

band specifically probed in PKCx Western blotting figure, which has been reported by

several researchers (26). For the densitometry determination, data represent means T

SD of three independent determinations. The values are expressed as a percentage of

the intensity of the band derived from the control PMA (100%) for each individual

blot. *p < 0.05 compared with their respective control or H/A condition using one-way

ANOVA and NewmanYKeuls multiple comparison.
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The 86Rb uptake study results showed that a con-
ventional PKC activator, thymeleatoxin, which is known to
activate conventional isoforms of PKC, had no effect on the
abluminal 86Rb uptake in normal conditions. However, the
basolateral NKCC activity was significantly up-regulated by
thymeleatoxin during the 6-h H/A treatment (p < 0.05).
When BBMECs were treated with the combination of 6 h
H/A and 24 h N/C, thymeleatoxin did not show a significant
up-regulatory role (Fig. 5A). Similarly, the conventional PKC

inhibitor HBDDE had no effect on the abluminal 86Rb
uptake in normal conditions, but HBDDE significantly
down-regulated the NKCC activity during the 6-h H/A
treatment ( p < 0.05). Likewise, HBDDE did not show any
significant regulatory role during the combined stroke and
nicotine treatment.

To determine the PKC isoform that might be involved in
the regulatory process, we used more specific PKC inhibitors
in the 86Rb uptake studies to further specify the PKC

Fig. 5. Regulation of abluminal (A) or luminal (B) Na,K,2Cl-cotransporter activity by

PKC inhibitors and activators in the absence or presence of H/A and/or N/C

conditions. All inhibitors and activators were added during both the preincubation and
86Rb uptake time periods. Data represent mean T SD of six independent

determinations. *p < 0.05 compared with their respective control conditions using

one-way ANOVA and NewmanYKeuls multiple comparison.
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isoforms responsible for the response. From the former PKC
isoform translocation studies, we observed that membrane-
bound PKCa, PKCbI, and PKC( expressions were up-
regulated after 6 h H/A, and this was attenuated by 24-h N/
C exposure, which indicated that PKCa, PKCb, and PKC(
might play important role during stroke and nicotine
treatments. Therefore, PKC inhibitors to PKCa, PKCb, and
PKC( were selected in this set of experiments. The 86Rb
uptake measurements showed that either hispidin (a PKCb
inhibitor) or a PKCa inhibitor peptide had significant down-
regulatory effects on abluminal NKCC activity ( p < 0.05).
However, both of them did not show regulatory roles when
BBMEC were exposed to the combination of 6 h H/A and 24
h N/C (Fig. 5A). The PKC( inhibitor peptide also showed a
down-regulatory role on NKCC abluminal activity, but it did
not significantly decrease the abluminal 86Rb uptake during
the 6-h H/A treatment ( p > 0.05).

It has been reported that K+ uptake due to NKCC was
on average 54% greater on the abluminal side of the endo-
thelial cell compared with the luminal side. Only abluminal
BBMEC K+ was sensitive to either N/C exposure and/or H/A
(5). In this study, K+ uptake measurements were also carried
out from the BBMEC luminal side. The results showed
that luminal BBMEC K+ uptake was also not changed in the
presence or absence of any above PKC inhibitors or ac-
tivators (Fig. 5B).

86Rb uptake studies showed that basolateral NKCC
activity was down-regulated by both a conventional PKC
inhibitor and specific inhibitors for PKCa, PKCb, and PKC(
and up-regulated by an activator of conventional PKCs
during the 6-h H/A treatment. However, these inhibitors
and activators did not show a significant regulatory role
during the combined stroke and N/C treatment, suggesting
that combined insults may counteract the effects of one
another on specific PKC isoforms.

DISCUSSION

Although protein kinases have been proposed as medi-
ators of NKCC phosphorylation, there is no definite conclu-
sion as to the effects of phosphorylation/dephosphorylation
pathways on NKCC in pathological states (27). Also, it is
possible that different kinases regulate NKCC phosphoryla-
tion effect in different cell types. One possible mechanism to
control NKCC1 activity is the NKCC1 phosphorylation
through the action of serine and threonine protein kinases
because NKCC1 isoforms from mammalian epithelia share
similar putative sites for phosphorylation by PKC (14,27). It
has also been stated in Russell’s (27) review that there is
structural evidence for consensus PKC binding sites on the
NKCC1 protein in both mammalian and shark isoforms.
Furthermore, there are reports of PKC inhibiting, stimulat-
ing, or having no effect on NKCC activity in a variety of
species and cell types (27).

O’Donnell et al. (28) reported that NKCC protein
(identified with a monoclonal antibody) from endothelial
cells has a much higher level of phosphorylation when
otherwise unstimulated cells are exposed to either okadaic
acid or calyculin A. We also proposed a potential mechanism
involving PKC phosphorylation in altered BBB response to
stroke conditions with prior nicotine and cotinine exposure

(5). In the present study, we identified specific PKC isoforms
that are responsible for the NKCC regulation during stroke
conditions using the BBMEC in vitro model of the BBB.
Translocation of PKC from cytosolic fraction to the mem-
brane fraction is now widely recognized as an index of
isoform activation (29,30).

At least 12 types of PKC isoforms are known to exist.
PKC is abundant in the nervous system and is composed of
homologous isoforms that can be divided into three sub-
families (conventional, novel, and atypical), depending on
their activation requirement. Once activated, PKC isoforms
translocate to membrane fraction, a process that is both iso-
form and cell-type specific. Each isoform is then capable of
interacting with its own specific substrates and subsequently
mediates distinct cellular events (31). Isozymes of PKC differ
in their involvement in disease processes, and it has been
suggested that isozyme-specific stimulation or inhibition of
PKC may have a role in the treatment of a variety of diseases
(32,33). Thus, it is important to identify the specific PKC
isoforms that mediate signal transduction events and disease
conditions because their effects in many instances are quite
distinct.

In vitro BBMECs have been used extensively to model
the BBB (15) and mimic in vivo BBB transport (4,24,25) and
enzymatic activity (34). Previous studies have shown that the
BBB is sensitive to short durations of H/A exposure (6 h),
shown by changes in permeability properties, cellYcell
adhesion, and cytoskeleton proteins (4,5,24,25). It has also
been suggested that nicotine exposure compromises the
ability of brain endothelial cells to maintain cellular polarity
of ion transport proteins, which are important for ischemia
recovery (5). As shown above, the hypoxic/aglycemic and
nicotine/cotinine exposures in this study have been used
previously and proved to be a reliable in vitro model of brain
ischemia and plasma levels of nicotine as well as the principle
metabolite, cotinine, seen in smokers.

The role played by PKCs after stroke insult still remains
a matter of debate, and it has been reported that PKC
activation mediates both protective and harmful messages at
the same time (35Y37). We have been investigating BBB ion
transport regulation during stroke conditions. Proper BBB
function is crucial for maintaining brain homeostasis, and
changes in such can exacerbate damage in a number of
neurological disorders. A functional BBB is required to
control brain extracellular K+ homeostasis, which can be
crucial for recovery after stroke. Low brain extracellular K+

concentration is essential for proper neuronal conduction and
recovery from stroke. To maintain proper neuronal
conduction, brain extracellular K+ needs to be maintained
efficiently constant and low to maintain conduction of action
potentials as compared to serum K+ levels, which are much
higher compared to brain ECF and fluctuate with changes in
diet. Our current studies suggest that specific PKC isoforms
(a, bI, and () could provide a beneficial therapeutic target for
stroke because they are able to activate NKCC at the BBB,
which is proposed to remove excess brain K+ during the
stroke conditions.

There are also serious discrepancies between studies
regarding the effect of PKC on the function of the NKCC
(27,34,35,38). Tissue-dependent expression of PKC isoforms
and isoform-specific response to experimental stimulation
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and inhibition may have contributed to the controversy
regarding regulation of the NKCC by PKC (32,33). It was
concluded that isoform specificity should be taken into
account when studying the effect of PKC on the NKCC.
The former experimental data showed that the increased
BBB NKCC activity after H/A conditions may provide an
additional mechanism for the removal of excess brain K+,
specifically by the antiluminal NKCC, which shuttles K+ from
the brain ECF to the blood (5). Our current study found that
H/A would activate specific PKC isoforms a, bI, and ( and
cause NKCC up-regulation, which is able to shuttle K+ ions
out of the ischemic brain back into the blood during the
reestablishment of neuronal conduction.

Recently, several researchers reported that NKCC
activation was involved in the brain ischemia and edema
formation, and those works mainly focused on the role for
NKCC on Na+ and Clj transports, which occurred in astro-
cytes and/or neurons during ischemia/reperfusion (38Y40).
Our recent work, using a well-established brain endothelial
cell model, hypothesized that NKCC activation is beneficial
to the stroke conditions by contributing to brain ECF K+

spatial buffering (effluxing K+ out of the ischemic brain back
into the blood) during both H/A with reoxygenation (41) and
without reoxygenation (5). Because the neurovascular unit
includes neurons, astrocytes, and endothelial cells, in addi-
tion to neuronal and astrocytic NKCC, our findings in brain
endothelial cells suggest that brain facing NKCC activity
(which is up-regulated during stroke conditions) may play a
protective role in regulating the brain microenvironment.
The neurovascular contribution needs to be addressed in the
future work.

Cigarette smoking is a major risk factor for stroke, and
the mechanism by which smoking increases the risk for
stroke has been unclear. It was observed that nicotine (100
ng/ml) and cotinine (1000 ng/ml) exposure, at levels equiv-
alent to average plasma levels of smokers (5), attenuated the
H/A induction of NKCC function and protein expression in
brain endothelial cells. These results indicated that the pre-
exposure to nicotine/cotinine could negatively affect the
ability of the ischemic brain to efflux K+ ions back into the
blood during the reestablishment of neuronal conduction.
The current paper explored the specific roles of PKC family
members involved in the signal transduction regulation of
NKCC during the stroke conditions and nicotine treatments
and concluded that stroke conditions induce BBB PKCa,
PKCbI, and PKC( activation causing adaptive up-regulation
of NKCC activity, and nicotine/cotinine exposure prevents
this after stroke conditions.

There is a correlation when comparing the potassium
uptake data to the BBMEC PKC isoform translocation sub-
jected to the same experimental treatments. Our results re-
ported in the potassium uptake studies showing inhibition or
activation of NKCC by PKC inhibitors or activator confirm our
former PKC isoform translocation findings (Figs. 2Y4) and
support the idea of PKC involvement in NKCC regulation
during stroke/nicotine exposure.

It should be emphasized that nicotine is not the only
component of cigarette smoke. It is thought that much of the
toxic effects of smoking are a result of a variety of gas-phase
constituents and to tar rather than nicotine (42). Additional
experiments will be carried out to combine other tobacco

smoke constituents and whole smoke condensates into the
signal transduction studies involved in these proteinYprotein
interactions between NKCC1 and PKC isoforms and direct
measurement of the NKCC phosphorylation state using
phosphoamino acid analysis. Additionally, future in vivo
examinations on the effects of PKCs on BBB K+ transport
and NKCC activity in both normal and stroke-induced mice
exposed to chronic levels of nicotine will be carried out.

In conclusion, stroke conditions induce BBB PKCa,
PKCbI, and PKC( activation causing adaptive up-regulation
of NKCC activity, and nicotine/cotinine exposure prevents
this during stroke conditions. PKC isoforms (a, bI, and ()
could provide a beneficial therapeutic target for stroke
because they are able to activate NKCC at the BBB, which
is proposed to remove excess brain K+ during the stroke
conditions. Therefore, specific PKC inhibitors or activators
might be designed to individualize stroke therapies and
improve health outcome for smokers by rebalancing ion
transport into and out of the brain. A better understanding of
the regulation, activation, and key substrates of individual
PKC isoforms in brain ischemia may provide ways to inter-
vene pharmacologically in PKC-mediated molecular path-
ways that could lead to effective treatment for brain stroke
patients who are smokers.
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