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Abstract

Increased Na* /H* antiport activity has been implicated in the
pathogenesis of hypertension and vascular disease in diabetes
mellitus. The independent effect of elevated extracellular glu-
cose concentrations on Na*/H™ antiport activity in cultured
rat vascular smooth muscle cells (VSMC) was thus examined.
Amiloride-sensitive 22Na* uptake by VSMC significantly in-
creased twofold after 3 and 24 h of exposure to high glucose
medium (20 mM) vs. control medium (5 mM). Direct glucose-
induced Na* /H™* antiport activation was confirmed by measur-
ing Na *-dependent intracellular pH recovery from intracellular
acidosis. High glucose significantly increased protein kinase C
(PKC) activity in VSMC and inhibition of PKC activation with
H-7, staurosporine, or prior PKC downregulation prevented
glucose-induced increases in Na*/H™ antiport activity in
VSMC. Northern analysis of VSMC poly A* RNA revealed
that high glucose induced a threefold increase in Na* /H™ anti-
port (NHE-1) mRNA at 24 h. Inhibiting this increase in NHE-
1 mRNA with actinomycin D prevented the sustained glucose-
induced increase in Na*/H™ antiport activity. In conclusion,
elevated glucose concentrations significantly influence vascular
Na*/H™ antiport activity via glucose-induced PKC dependent
mechanisms, thereby providing a biochemical basis for in-
creased Na*/H™* antiport activity in the vascular tissues of
patients with hypertension and diabetes mellitus. (J. Clin. In-
vest. 1994. 93:2623-2631.) Key words: hypertension « diabetes
mellitus » atherosclerosis * hyperglycemia « NHE-1 messen-
ger RNA

Introduction

Diabetes mellitus is a potent risk factor for the development of
premature and widespread vascular disease. This risk is greatly
accentuated by the coexistence of hypertension. In addition,
predisposition to hypertension may be an important determi-
nant in a subset of diabetic patients who subsequently develop
complications such as diabetic nephropathy and associated vas-
cular disease (1, 2).
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Multiple abnormalities in cell membrane transport have
been described in hypertension, the most reproducible being
an elevation in Na*/Li* countertransport (3-5). The striking
similarities between Na* /Li* countertransport and the physio-
logical Na*/H* antiport have led to the assumption that Na*/
Li* countertransport is one mode of operation of the ubiqui-
tous Na*/H™ antiport (6, 7). In support of this concept, the
activity of the Na*/H™ antiport has been shown to be in-
creased in erythrocytes, leukocytes, and platelets from patients
with essential hypertension and in lymphocytes and vascular
smooth muscle cells (VSMC)! from the spontaneously hyper-
tensive rat (8-13).

There are notable similarities in the abnormalities of mem-
brane cation transport from patients with essential hyperten-
sion and patients with diabetes mellitus who have developed
vascular complications. For example, increased erythrocyte
Na*/Li* countertransport and increased leukocyte and fibro-
blast Na*/H™ antiport activity have been demonstrated in
type I diabetic patients with hypertension and nephropathy (2,
14-16). The fact that this disturbance in membrane cation
transport is common to both hypertension and diabetes has led
to the suggestion that increased activity of the Na*/H™* anti-
port may play a role in the pathogenesis of hypertension and
vascular disease in patients with diabetes mellitus (2, 14, 15).

The mechanisms responsible for diabetes-induced in-
creases in Na*/H* antiport activity are unknown. Calcium/
phospholipid-dependent protein kinase C (PKC) activity plays
an important role in the regulation of Na*/H* antiport activ-
ity in many tissues (17, 18). Of interest, many of the physical
and functional abnormalities demonstrated in cell membranes
from hypertensive patients, including Na*/H* antiport activa-
tion, can be reproduced by the activation of PKC (11). With
regard to diabetes mellitus, more recent studies have shown
that the PKC inhibitor staurosporine can restore to normal the
previously elevated leucocyte Na*/H™ antiport activity of dia-
betic patients, thereby suggesting that diabetes-induced in-
creases in Na*/H™* antiport activity may be dependent on
PKC activation (19). Diabetes mellitus is characterized by the
development of hyperglycemia, and we have recently shown
that elevated extracellular glucose concentrations (20 mM ) in-
duce a sustained activation of PKC in cultured VSMC (20,
21). Together, these observations prompt the hypothesis that
metabolic factors, in particular, hyperglycemia could directly
influence the activity of the Na*/H™* antiport in the vascula-
ture of diabetic patients via glucose-induced activation of PKC.

Examining this hypothesis in vivo would be hindered by
the fact that the development of hyperglycemia is invariably

1. Abbreviations used in this paper: NMDG, N-methyl-D-glucamine;
PKC, protein kinase C; VSMC, vascular smooth muscle cell.
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associated with many humoral and metabolic changes, each of
which could independently influence the activity of PKC and/
or the Na*/H* antiport in vascular tissue. The present study
thus utilizes an in vitro cell culture system to examine the di-
rect effects of elevated extracellular glucose concentrations on
Na*/H™ antiport activity and steady-state Na*/H™* antiport
mRNA levels in cultured VSMC. In addition, the role of glu-
cose-induced PKC activation as a mediator of glucose-induced
changes in vascular Na*/H™ antiport activity is determined.

Methods

Culture of rat VSMC. Aortic VSMC were isolated from Sprague-Daw-
ley rats and cultured and characterized as previously described in detail
(20, 21). For Na* uptake experiments VSMC were grown on 35-mm
culture plates in MEM (Gibco, Grand Island, NY) supplemented with
2 mM L-glutamine, 2 g/liter NaHCO,, 100 U /ml penicillin, 100 ug/ml
streptomycin, and 10% FCS in an incubator at 37°C in 95% humidified
air and 5% CO,. Every 5-10 d, the cells were passaged after trypsin
EDTA harvesting. For all experiments, second through sixth passaged
VSMC were used.

Experimental design. VSMC were grown to confluence in the cul-
ture medium described above. The medium was then removed and
replaced with one of four “test media” for 3 h (short-term exposure) or
24 h (sustained exposure). The test media comprised:

(a) Control medium: standard tissue culture medium as described
above, with a normal D-glucose concentration of 5 mM.

(b) High glucose medium: this was similar to control medium ex-
cept that it was supplemented with D-glucose to increase its concentra-
tion to 20 mM.

(¢) L-glucose osmotic control medium: this was similar to control
medium but supplemented with the cell permeable but poorly metabo-
lized hexose, L-glucose 15 mM.

(d) Mannitol osmotic control medium: this medium was similar
to control medium but was supplemented with the relatively imperme-
able and nonmetabolized hexose, mannitol 15 mM.

The latter two media served as osmotic controls for the high-glucose
medium.

Measurement of *’Na* uptake by VSMC. After exposure to the
various test media, VSMC monolayers were washed with a bicarbonate
and sodium-free balanced salt solution. This *“sodium-free buffer” con-
tained choline chloride 135 mM, KCl 5 mM, CaCl, 2 mM, MgSO, |
mM, Hepes 5 mM (pH 6.9), ouabain 2 mM, and variable amounts of
D-glucose, L-glucose, or mannitol to mimic the composition of the test
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solution C

media to which they had been previously exposed. VSMC were prein-
cubated with this buffer for 30 min at 37°C. This preincubation signifi-
cantly decreases pH; in VSMC and thus facilitates the measurement of
Na*/H" antiport dependent flux of Na* into the cells. VSMC pH; (see
below) after this 30-min preincubation did not significantly differ after
3 or 24 h of exposure to either control or high-glucose medium. After
30 min, the preincubation buffer was removed by aspiration and re-
placed with a similar buffer except that it contained 125 mM NaCl, 10
mM choline chloride, and 1 xCi/m1**Na*, with or without amiloride 1
mM. The influx of >Na* into VSMC proceeded for 5 min at 37°C and
was terminated by 6 X 1-ml rapid washings of the VSMC monolayers
with iced-cold 0.1 M MgCl,. The VSMC monolayer was lysed with
warm 0.1 N NaOH and 0.1% SDS. A 50-ul aliquot of the lysate was
retained for the measurement of cell protein content by the method of
Lowry et al. (22) and 2Na* incorporation into the rest of the cell lysate
was determined using a gamma counter ( Packard Instrument Co., Inc.,
Meriden, CT) Na* uptake by VSMC was corrected for counter effi-
ciency and cell protein content and is expressed as nanomoles of up-
take per minute per milligram of cell protein.

Measurement of intracellular pH in VSMC. VSMC were grown to
confluence on 13 X 30-mm glass coverslips and then exposed to the
various test media for 24 h before the measurement of pH;, which was
measured using the pH-sensitive dye BCECF [(2,7)-biscarboxyethyl-
5(6)-carboxyfluorescein] using a modification of the method de-
scribed by Chaillet and Boron (23) and Bergman et al. (24). VSMC
were loaded with the acetoxymethyl derivative of BCECF (5 uM) for
20 min at 37°C in solution A as noted below (pH 7.4). The cell-coated
coverslip was then placed in a plastic cuvette in a Deltascan model
4000 fluorescence spectrometer (Photon Technology International
Inc., South Brunswick, NJ) and perfused at 12 ml/min with solutions
at 37°C as shown in Fig. 1. All solutions contained | mM MgCl,, 1
mM CaCl,, 2 mM D-glucose, 7 mM Hepes, | mM KH,PO, and 4 mM
K,HPO,. Solution A contained 145 mM NaCl and 5 mM KCl. Solu-
tion B contained 145 mM N-methyl-D-glucamine (NMDG-Cl1) and 5
mM KCl. Solution C contained 120 mM NMDG-CI, 25 mM NH,Cl,
and 5 mM KCl. pH; was calculated from the ratio of fluorescence at
excitation wavelengths 495 and 440 nm and emission at 535 nm. Cali-
bration of the BCECF excitation ratio for each experiment was deter-
mined using the K* /nigericin technique as previously described (24).

VSMC Na*/H* antiport activity was calculated from the initial
rate of Na*-dependent pH; recovery after an acid load in the absence of
CO,/HCO,. Typical tracings with and without amiloride (1 mM) are
depicted in Fig. 1. The Na*-dependent pH; recovery after an acid load
was inhibited 90% by 1 mM amiloride. The initial rate of Na*-depen-
dent pH,; recovery (d pH;/dt) was calculated from a line drawn tangen-
tial to the initial 30-s deflection after return of Na* to the perfusate.

Figure 1. Perfusion schema
and effect of | mM amiloride
on Na*-dependent recovery
of intracellular pH in VSMC
monolayers preloaded with
BCECEF. All solutions con-
tained: | mM MgCl,, | mM
CaCl,, 2 mM D-glucose, 7
mM Hepes, | mM KH,PO,.
Solution A contained 145
mM NaCl and 5 mM KCL
Solution B contained 145
mM NMDG-CI and 5 mM
with KCl. Solution C contained
{ Amiloride 120 mM NMDG-CL. 25 mM
NH,CI, and 5 mM KCL
Na*-dependent recovery of
intracellular pH was inhib-
ited by 1 mM amiloride.

without
Amiloride

16 min

solution A



Intracellular buffering capacity was determined from the pH; re-
sponse to removal of NH,;/NH ; using the formula: Buffering capacity
= [NH}1;/ A pH;, where [NH*]; is the intracellular concentration be-
fore NH,/NH} removal, calculated as [NH} ], = [NH} ], X 107:4-°H)
and A pH; is the pH, change on removal of NH7 (25).

Assay of PKC activity in VSMC. The methods used by our labora-
tory for the in-situ measurement and characterization of PKC activa-
tion in VSMC has been previously described in detail (20, 21). Briefly,
VSMC were seeded into 96-well microtiter plates and grown to con-
fluence in control medium. Thereafter, the VSMC were exposed to the
test media for 3 or 24 h. The test media was aspirated and replaced with
40 ul of a buffered salt solution containing 137 mM NaCl, 5.4 mM
KCl, 10 mM MgCl,, 0.3 mM sodium phosphate, 0.4 mM potassium
phosphate, 25 mM B-glycerophosphate, 5.5 mM D-glucose, 5 mM
EGTA, 1 mM CaCl,, 100 uM [r-32P]ATP, 50 ug/ml digitonin, and 20
mM Hepes (pH 7.2, 30°C). In addition, 100 uM of a PKC-specific
substrate (VRKRTLRRL) was added to the buffer. This short syn-
thetic peptide is based on the sequence surrounding a major PKC-de-
pendent phosphorylation site within the epidermal growth factor re-
ceptor (26). This peptide substrate is not phosphorylated by cyclic
nucleotide-dependent or Ca2*/calmodulin-dependent protein kinases
or S6 kinase and has been extensively characterized to be highly spe-
cific for PKC (27, 28). By permeabilizing the VSMC with digitonin,
the PKC-specific VRKRTLRRL substrate enters the VSMC along
with [7-32P]ATP to allow a selective and rapid analysis of in situ PKC
activity. We have previously demonstrated that the concentration of
digitonin used (50 pg/ml) did not modify VSMC morphology or pro-
mote cell detachment (20). In addition, the measured PKC activity
was retained by the monolayer after permeabilization (PKC activity in
the supernatant was 6.6% of total measured PKC activity). This latter
finding is consistent with the concept that the PKC activity being as-
sayed was tightly associated with the cell membrane as has been pro-
posed for the active form of the kinase (17). The kinase reaction pro-
ceeds for 10 min at 30°C before termination by the addition of 10 ul of
25% (wt/vol) trichloroacetic acid. 45-ul aliquots of the reaction mix-
ture are then blotted onto 2-cm phosphocellulose circles (P81, What-
man Inc., Clifton, NJ) and washed batchwise; three washes with 75
mM phosphoric acid and one wash with 75 mM sodium phosphate
(pH 7.5). The basic VRKRTLRRL substrate is retained by the P81
filter and its PKC-dependent phosphorylation is quantified by scintilla-
tion counting using a Beta Counter (Packard Instrument Co., Inc.).
Background phosphorylation was always < 0.05% of added counts per
minute and was not influenced by the different test media. VSMC
protein content per well was measured in an NaOH/SDS lysate as
described above. Resulits are expressed as PKC-dependent phosphory-
lation picomoles per minute per milligram cell protein.

Measurement of steady-state Na*/H* antiport mRNA. VSMC
were grown to confluence on 100-mm dishes and exposed to the
various test media for 3 or 24 h. Thereafter, total cellular RNA was
isolated using the acid guanidium thiocyanate-phenol-chloroform
method (29). VSMC from 15 dishes were pooled to yield ~ 3 mg of
total cellular RNA. Poly A* RNA was isolated using an oligo-Dt spin
column and reagents as supplied (5Prime 3Prime Inc., Boulder, CO).
For Northern blot analysis, Poly A* RNA was separated by electropho-
resis in 1% agarose/2.2 M formaldehyde gels, transferred to Nitroplus
membranes (Micron Separations Inc., Westboro, MA) by capillary
diffusion and immobilized by baking at 80°C in a vacuum oven for 2 h.
Prehybridization was performed for 8 h at 42°C in a solution contain-
ing 5X SSC, 50% formamide, 5X Denhardt’s solution, 0.1% SDS, and
200 pg/ml salmon sperm DNA. Hybridization was performed over-
night at 42°C in the above solution containing 1 X 10 cpm/ml 32P-
random primer-labeled probe. The Na*/H* antiport probe was a 1.8-
kb Bam H1 fragment of the human NHE-1 cDNA (30), a generous gift
from Jaques Pouyssegur, Nice, France. The g-actin probe was a 2-kb
fragment of human ¢cDNA (Clontech Laboratories Inc., Palo Alto,
CA). Band intensities were determined from autoradiograms (Kodak
XAR-5) using an Seprascan 2001 (Integrated Separation Systems,
Hyde Park, MA).
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Materials. All chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO) unless otherwise stated. Penicillin, streptomycin, cul-
ture media, and FCS were obtained from Gibco Laboratories Life Tech-
nology Inc. Acetomethyl ester of BCECF was obtained from Molecular
Probes Inc. (Eugene, OR ). 22Na* was obtained from Amersham Corp.
(Arlington Heights, IL).

Statistical analysis. Results are reported as meanzstandard error of
the mean. Statistical analysis was performed using an unpaired Stu-
dent’s ¢ test or analysis of variance with a Bonferroni correction as
appropriate. A P value of < 0.05 was considered significant.

Results

Effect of elevated extracellular glucose concentrations on Na* /
H* antiport activity in VSMC. VSMC were exposed to the
various test media for 3 h (short-term exposure) or 24 h (sus-
tained exposure ) before the measurement of 2?Na* uptake. Ba-
sal pH; was significantly reduced but did not differ after 30 min
of exposure to the sodium-free preincubation buffer before
measurement of 2?Na* uptake by VSMC that had undergone
short or sustained exposure to either control or high-glucose
media. After a 3-h exposure to the high-glucose medium (20
mM), Na* uptake by VSMC was significantly increased by
53% when compared to Na* uptake by VSMC exposed to con-
trol medium (glucose 5 mM) (Fig. 2). The glucose-induced
increase in Na™* uptake by VSMC was sustained with contin-
ued exposure to the high-glucose medium for up to 24 h. Na*/
H™ antiport activity is a major pathway for Na* influx in
VSMC and this transport system can be inhibited by the addi-

% 3 hours

24 hours

Na+ Uptake (nmol/min/mg VSMC Protein)

Glucose Concentration (mM/L)

Figure 2. Effect of extracellular glucose concentration on amiloride-
sensitive Na* uptake by VSMC. VSMC were exposed to control me-
dium (glucose 5 mM) or high-glucose medium (glucose 20 mM) for
3 or 24 h in the absence or presence (+A4) of amiloride (1 mM) before
the measurement of 22Na* uptake. * P < 0.01 vs. all other columns;

n = 4 experiments.
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tion of amiloride (31). Amiloride (1 mM) significantly re-
duced Na* uptake by VSMC in the presence of control me-
dium and completely prevented the increase in Na* uptake
previously observed in the presence of the elevated glucose me-
dium at both 3 and 24 h (Fig. 2). These observations suggest
that the glucose-induced increase in Na* uptake by VSMC at
both 3 and 24 h, was dependent on activation of the Na*/H*
antiport.

Osmotic stress is a recognized stimulus for the activation of
the Na*/H™* antiport in various cell types (32). It was there-
fore important to determine whether the increased osmolality
of the high-glucose medium could account for the glucose-in-
duced activation of the Na*/H™" antiport in VSMC. Table I
shows that 3 and 24 h of exposure to two osmotic control me-
dia (containing concentrations of L-glucose or mannitol de-
signed to mimic the osmolality of the high-glucose medium)
had no significant effect on Na* uptake by VSMC. This demon-
strates that elevated extracellular D-glucose concentrations spe-
cifically increased Na*/H™ activity in VSMC via mechanisms
independent of changes in extracellular osmolality.

Effects of elevated extracellular glucose concentrations on
PH, and intracellular buffering capacity in VSMC. To confirm
that elevated glucose concentrations directly and specifically
stimulated an increase in Na* uptake via the Na*/H™" in
VSMC, VSMC were exposed to control medium, high-glucose
medium, and mannitol osmotic control medium for 24 h be-
fore the measurement of Na* -dependent pH, recovery from an
acid load. Fig. 3 and Table II summarize the results of these
experiments. 24 h of preexposure to the high-glucose medium
significantly increased dpH,/dt, approximately threefold,
when compared to VSMC incubated with control medium.
These differences could not be accounted for by differences in
buffering capacity. Moreover, amiloride inhibited the Na* de-
pendent recovery in pH; by 90% in the presence of control
medium and eliminated the differences between the control
and high-glucose medium, confirming the conclusions of the
22Na* uptake studies, i.e., that elevated glucose concentrations
directly activate the Na*/H* antiport in VSMC. Furthermore,
Na*-dependent dpH,/dt in the presence of the osmotic control
medium (mannitol) did not differ from control medium, fur-
ther confirming that high glucose-induced changes in Na*/H*
antiport activity could not be attribute to changes in extracellu-
lar osmolality (Table II). _

Role of PKC activation in mediating glucose-induced in-
creases in Na*/H* antiport activity in VSMC. PKC has been

Table I. Effect of Various Test Culture Media on Sodium Uptake
by VSMC

1.0 _

0.8 ]

0.6 _|
dpHi/dt
pH/min

0.4 ]

0.2 ]

0.0 ]

5 mM Glucose 20 mM Glucose
24 h 24 h

Baseline pHi 7.31+£0.04 7.311£0.03
Trough pHi 6.34+0.02 6.32+0.02
Buffering Capacity 18.4+1.7 17.7+1.8
mmol/L x pH
N 15 16

Figure 3. Effect of the test media on Na*/H™ antiport activity in
confluent VSMC. VSMC were pretreated for 24 h with the test media
shown and then loaded with BCECF. Na*/H™ antiport activity was
measured as the 30-s recovery from NH,Cl-induced intracellular aci-
dosis. Buffering capacity was calculated as indicated in Methods. pH;
= intracellular pH, dpH,/dt = change in intracellular pH with time.
*P < 0.001; n, number of experiments.

shown to play an important role in the regulation of Na*/H*
antiport activity in many cell types. We have previously demon-
strated that elevated glucose concentrations induce a sustained
activation of PKC in VSMC (20). Table III shows that a 3-h
exposure to high-glucose medium markedly increases PKC ac-
tivity in VSMC, and that this activity is sustained for at least 24
h providing the extracellular glucose concentrations remain
elevated. This effect is specific for D-glucose and is not repro-
duced by either of the osmotic control media. The addition of
two dissimilar PKC inhibitors, H-7 (10~* M) or staurosporine
(1076 M) (33, 34), had little effect on basal PKC activity at
these concentrations but markedly inhibited glucose-induced

Table II. Effect of Mannitol Osmotic Control Medium on Na*/H*
Antiport Activity in VSMC

Culture media Sodium uptake by VSMC Measurements Glucose 5 mM Mannitol control
added to
cultured VSMC 3-h exposure 24-hexposure 45114t pH/min 0.22+0.03 0.23+0.03
nmol/min per mg cell protein Baseline pH; 7.24+0.05 7.22+0.07
Trough pH; 6.31+£0.03 6.27+0.02
Control 6.53+0.27 6.25+0.17 Buffering capacity 17.1£2.7 18.4+2.5
Mannitol control 6.53+0.28 6.08+0.30
L-Glucose control 6.45+0.34 7.15£0.13 . .
High glucose 10.10.50* 10.45+0.39* Confluent VSMC were pretreated with the test media shown and

Measurement of 2Na* uptake by VSMC after 3 or 24 h of exposure to
the various test culture media. * P < 0.01 vs. results with all other
test media; n = 4 experiments.

2626  B. Williams and R. L. Howard

loaded with BCECF. Na*/H* antiport activity was measured as the
30-s recovery from NH,Cl-induced intracellular acidosis. Buffering
capaity = mM X pH. n = 13. There were no significant differences
in any parameter measured between the 5 mM glucose and mannitol
osmotic control media.



Table I11. VSMC PKC Activity after Exposure
to Various Test Media

Culture media Protein kinase C activity

added to
VSMC 3-h exposure 24-h exposure
pmol phosphorylation/min per mg cell
protein
Control 40.0+4.4 42.1+£5.3
Mannitol control 38.6+4.9 41.7+6.1
L-Glucose control 41.8+5.1 43.6+4.8
High glucose 79.4+7.7* 83.6+8.3*
Control + H-7 35.8+5.7 33.7£3.9
Control + ST 38.4+6.3 36.5+6.1
High glucose + H-7 49.7+8.2¢ 52.1+7.1%
High glucose + ST 51.6+6.8* 54.3+7.5%

PKC activity in VSMC after 3 or 24 h of exposure to the various test
media. In some experiments, inhibitors of PKC activity; H-7 (50
uM) or staurosporine (ST) (1 uM) were coincubated with the control
or high-glucose media. * P < 0.01 vs. control, mannitol, or L-glucose
media. ¥ P <0.05 vs. high glucose. There was no significant differ-
ence between high glucose + PKC inhibitors vs. all test media except
the high-glucose medium alone; n = 3.

activation of PKC during the 3- or 24-h incubation with the
high-glucose medium. The use of these two PKC inhibitors
thus provided a useful experimental tool with which to assess
the role of glucose-induced PKC activation in mediating glu-
cose-induced increases in Na*/H™* antiport activity in VSMC.
To do this, VSMC were exposed to control or high-glucose
medium for 3 and 24 h in the absence or presence of either of
the two PKC inhibitors, before the measurement of 2?Na* up-
take by VSMC. Fig. 4 shows that glucose-induced increases in
Na™* uptake by VSMC were almost completely prevented by
inhibition of glucose-induced PKC activation with H-7 or
staurosporine. Because H-7 and staurosporine are not specific
in their inhibition of PKC, further experiments were per-
formed to clarify the relevance of PKC activation in the media-
tion of glucose-induced changes in VSMC Na*/H™ antiport
activity. VSMC were preexposed to PMA (1077 M) for 24 h.
We have previously demonstrated that this maneuver down-
regulates PKC activity in VSMC (20). The VSMC were then
exposed to either control or high-glucose medium for 3 or 24 h
in the continued presence of PMA. As shown in Table IV, basal
Na*/H™* antiport activity was not significantly affected by
PKC downregulation, however, both the short-term and sus-
tained high-glucose-induced increase in Na* uptake was signif-
icantly attenuated by PKC downregulation. Together, these
results suggest that both short-term and sustained glucose-in-
duced increases in Na*/H™ antiport activity in VSMC occur
via mechanisms dependent on glucose-induced activation
of PKC.

Effects of cycloheximide and actinomycin-D on glucose-in-
duced increases in Na*/H* antiport activity. To examine
whether gene transcription and protein synthesis were required
for the initiation and maintenance of glucose-induced changes
in Na*/H™ antiport activity, VSMC were incubated with ac-
tinomycin-D (10 nM), an inhibitor of gene transcription or
cycloheximide (10 uM), an inhibitor of protein synthesis.
Confluent VSMC monolayers were exposed to these two inhibi-
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Figure 4. Effect of PKC inhibitors on glucose-induced changes in Na*
uptake by VSMC. VSMC were exposed to control or high-glucose
medium for 3 or 24 h, in the absence or presence of H-7 (50 uM) or
staurosporine (ST) (1 uM). * P < 0.05 vs. all other columns; n = 3
experiments.

tors throughout a 3- or 24-h incubation with control or high-
glucose (20 mM) media. Cycloheximide (10 M) inhibited
protein synthesis by ~ 80% (measured by [*H ]leucine incorpo-
ration into cell protein). Fig. 5 shows that at 3 h the presence of
actinomycin-D or cycloheximide had no effect on high-glu-
cose-induced increases in Na* /H™* antiport activity in VSMC.
These results suggest that short-term (3 h) glucose-induced ac-
tivation of the Na*/H™ antiport in VSMC occurs independent
of gene transcription or protein synthesis. In contrast, in-

Table IV. Effect of PKC Downregulation on Sodium Uptake
by VSMC

Sodium uptake by VSMC

Culture media

added to VSMC 3-h exposure 24-h exposure

nmol/min per mg protein

Control (glucose S mM) 6.1£0.43 5.96+0.3
Control + PMA 6.95+0.63 6.68+0.57
High glucose (20 mM) 10.69+£0.61* 10.92+0.54*
High glucose + PMA 7.19+0.6 7.04+0.66

Measurement of 2Na* uptake by VSMC after 3 or 24 h of exposure to
either control or high-glucose culture medium. To down-regulate
PKC activity, in some experiments (+PMA) and VSMC were pre-
treated with PMA (10~7 M) for 24 h and during the 3- or 24-h expo-
sure to the control or high-glucose culture medium. * P < 0.05 vs.
control + PMA and high glucose + PMA; n = 4.
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Figure 5. Effect of inhibitors of transcription and translation on glu-
cose-induced changes in Na* uptake by VSMC. VSMC were exposed
to control or high-glucose medium for 3 or 24 h, in the absence or
presence of actinomycin-D (10 nM) or cycloheximide (10 uM) before
the measurement of Na™* uptake by VSMC. *P < 0.05; n = 3 experi-
ments.

creased Na*/H™ antiport activity in response to sustained ex-
posure to high glucose (24 h) was prevented by coincubation
with actinomycin-D and cycloheximide. Neither agent inhib-
ited glucose-induced PKC activation at 24 h and there was no
measurable VSMC toxicity as indicated by no change in cell
detachment rates, lactate dehydrogenase release, or trypan blue
exclusion (data not shown). These results suggest that sus-
tained glucose-induced activation of Na*/H* in VSMC re-
quires gene transcription and translation.

Effect of elevated extracellular glucose on Na* /H* antiport
mRNA in VSMC. The above experiments suggested that tran-
scription and translation were involved in the increase in Na*/
H™ antiport activity observed within 24 but not 3 h of incuba-
tion with the high-glucose medium. The effects of high-glucose
concentrations on steady-state Na*/H* antiport (NHE-1)
mRNA levelsin VSMC was thus examined. Northern blot anal-
ysis revealed a single band of 4.8-5.0 kb, as previously de-
scribed for NHE-1 mRNA in cultured VSMC (35). Northern
blot analysis revealed an approximately threefold increase in
steady-state NHE-1 mRNA concentration normalized for 8-
actin in VSMC after 24 h of incubation with the high-glucose
(20 mM) medium when compared with control medium (glu-
cose 5 mM) (Fig. 6). There was no difference in steady-state
levels of S-actin mRNA between the control and high-glucose
group; thus the increase in the NHE-1 /8-actin ratio was due to
a true increase in the abundance of NHE-1 mRNA. There was
no difference in steady-state NHE-1 mRNA in VSMC exposed
to the control or high-glucose media at 3 h (data not shown).
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Figure 6. Effect of extracellular glucose concentration on steady-state
Na*/H* antiport mRNA after 24 h of incubation. VSMC were
treated and Northern blot performed as indicated in Methods. This
autoradiogram shows the Na*/H™ antiport mRNA in the upper por-
tion of the figure at 4.8-5.0 kb. The lower portion shows the S-actin
mRNA from the same membrane. The 28S and 18S markers are
shown for reference.

Exposing VSMC to the mannitol osmotic control media for 3
or 24 h did not change NHE-1 mRNA levels vs. glucose 5 mM
(not shown) confirming that the high-glucose-induced increase
in VSMC NHE-1 mRNA was unrelated to changes in extracel-
lular osmolality.

Discussion

The major finding of the present study is that elevated extracel-
lular glucose concentrations exert a significant effect on the
regulation of Na*/H™ antiport activity in vascular tissue. Ele-
vated glucose concentrations compatible with those attained in
poorly controlled diabetic patients stimulated an increase in
the activity of the VSMC Na*/H™* antiport within hours and
this effect was sustained for up to 24 h providing the glucose
concentrations remained elevated. This effect was specific for
D-glucose and was unrelated to changes in extracellular osmo-
lality. In addition, both the acute and longer-term activation of
the VSMC Na*/H* antiport by high glucose were dependent
on glucose-induced PKC activation.

The Na*/H* antiport is a major pathway for the regulation
of Na* uptake by VSMC (31). Previous studies have empha-
sized that the activity of Na*/H* antiport in many cell types,
including VSMC, is influenced by the activation of PKC (11,
18, 36-42). The present study demonstrates that elevated ex-
tracellular glucose concentrations induce a sustained activa-
tion of PKC in VSMC. We have previously characterized this
effect of glucose in VSMC in detail (20). Both the short-term
and sustained high-glucose-induced activation of the VSMC
Na*/H™* antiport appear to be strongly dependent on glucose-
induced PKC activation. This conclusion is based on the fact
that two dissimilar inhibitors of glucose-induced PKC activity
(H-7 and staurosporine) prevented short-term and sustained
glucose-induced Na*/H™ antiport activation. The Na*/H*
antiport has been shown to be regulated by a number of kinases
other than PKC, notably; cAMP-dependent protein kinase and
calcium calmodulin-dependent multiprotein kinase (43). Be-
cause neither of the PKC inhibitors used in the present study
are entirely specific for PKC, the possibility remained that
other kinases that are also nonspecifically inhibited by these
agents may have contributed to the glucose-induced response.



However, the important role of PKC activation in mediating
glucose-induced changes in Na*/H™ antiport activity is fur-
ther emphasized by our observation that prior downregulation
of PKC by prolonged exposure to PMA prevents glucose-in-
duced Na*/H™ antiport activation.

The finding that short-term (3 h) exposure to high glucose
produces a PKC-dependent increase in Na* /H* antiport activ-
ity in VSMC which was not blocked by coincubation with ac-
tinomycin-D or cycloheximide suggested that this acute effect
of high glucose occurred independently of the need for tran-
scription and translation. This conclusion is further supported
by the observation that short-term exposure of VSMC to high
glucose did not increase the abundance of NHE-1 mRNA. Pre-
vious studies of rat proximal tubule cells have demonstrated
that acute activation of the Na*/H™ antiport after direct PKC
activation with phorbol esters, also occurs without the need for
transcription or translation (42).

There are numerous potential mechanisms to explain the
acute, PKC-dependent, glucose-induced increase in Na*/H*
antiport activity in VSMC. One possibility is a phosphoryla-
tion-dependent increase in the activity of existing antiporters
or the activation of “dormant” membrane-associated anti-
porters. In support of this concept, Sardet et al. (41) demon-
strated that the Na*/H™* antiport is rapidly phosphorylated in
response to various mitogens and concluded that this phos-
phorylation of the Na*/H™ antiport is temporally correlated
with its activation. That the magnitude of phosphorylation
could regulate the rate of Na*/H™ exchange is also suggested
by the finding that vanadate, an inhibitor of phosphatases, acti-
vates Na*/H™ countertransport in A431 cells (44). Additional
experiments support the hypothesis that PKC is one of the
kinases responsible for this phosphorylation in VSMC (38-
40). It is conceivable, however, that PKC-dependent activa-
tion of the Na*/H* antiport could occur via phosphorylation
of an ancillary, regulatory protein rather than direct phosphor-
ylation of the antiport itself. An alternative mechanism of
Na*/H™ antiport activation is that glucose-induced PKC acti-
vation could promote the exocytic insertion into the plasma
membrane of antiporters previously stored in the cytoplasm.
Such a “shuttling” process has been demonstrated for angioten-
sin II-induced increases in Na*/H™* antiport activity in renal
proximal tubular cells (45) and many other transporters in
various cell types (46-49). Finally, direct PKC activation by
PMA has been shown to increase Na*/H* exchange by caus-
ing an alkaline shift in the pH; dependence of the antiport in rat
thymic lymphocytes (50) and NHE-1-transfected cell lines
(51). This could occur via a PKC-dependent alkaline shift in
the pH; responsiveness of an allosteric modifier site on the cy-
toplasmic surface of the cell membrane (50, 52-54). There are
therefore, numerous potential mechanisms whereby glucose-
induced PKC activation could promote an acute increase Na*/
H™ antiport activity in VSMC.

Continued exposure to high extracellular glucose concen-
trations for up to 24 h induced a sustained activation of the
Na*/H* antiport in VSMC, also via a PKC-dependent pro-
cess. The kinetic basis for this glucose-induced increase in
Na*/H™ antiport activity was not specifically examined in the
present study. It is important to note, however, that the assays
of Na* uptake and Na*-dependent pH; recovery were per-
formed using extracellular Na* concentrations (Nag) of 125
and 145 mM, respectively. These Nag concentrations greatly
exceed the Na*/H™* antiport K, for Na$ (~ 51 mM) (52);
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thus it is extremely unlikely that the measured increase in Na*/
H™ antiport activity using these experimental conditions repre-
sents anything other than an increase in the V,,, of the anti-
porter. Concordant with this conclusion, in almost all in-
stances, sustained increases in Na*/H™ antiport activity in
response to a variety of biological stimuli have been associated
with an increase in antiporter V., which in some instances
has been associated with increased synthesis of transporters
(55-62).

Our observation that sustained high-glucose-induced stim-
ulation of the VSMC Na*/H™ antiport was inhibited by coin-
cubation with actinomycin-D or cycloheximide also suggested
that transcription and translation were required, perhaps indi-
cating the need for the synthesis of new Na*/H* antiporters to
sustain the high-glucose-induced effect. This hypothesis is sup-
ported by our finding that sustained exposure to high-glucose
medium also caused a threefold increase in the abundance of
NHE-1 mRNA in VSMC. Whether this increase in steady-state
mRNA was due to glucose-induced changes in transcription
rate or message stability has yet to be determined. Our observa-
tion that sustained activation of the Na*/H™ antiport by glu-
cose requires the induction of transcription and translation is
compatible with the studies of Berk et al. (37), who concluded
that the long-term regulation of the Na*/H™* antiport in
VSMC involves alterations in gene expression. Moreover, the
response of the Na*/H™* antiport to a variety of chronic stimuli
in different tissues appears to require gene transcription and
translation to sustain an increase in Na*/H™* antiport activity
(18, 42, 59, 60, 63). It is noteworthy, however, that there may
not always be a good correlation between steady-state NHE-1
mRNA abundance and Na*/H™ antiport activity (35). More-
over, the results of the cycloheximide and actinomycin-D ex-
periments are also consistent with the possibility that sustained
activation of the Na*/H™ antiport requires the synthesis of a
regulatory protein rather than direct synthesis of antiporters.

The intracellular signaling mechanism responsible for the
high-glucose-induced increase in NHE-1 mRNA abundance
has not been defined in the present study. Nevertheless, the fact
that the sustained increase in VSMC Na*/H* antiport activity
is dependent on both glucose-induced PKC activation and
gene transcription suggests that glucose-induced PKC activa-
tion may signal the increase in Na*/H* mRNA. Concordant
with this hypothesis, Horie et al. (42) recently demonstrated
that long-term phorbol ester-mediated PKC activation leads to
a chronic increase in both Na*/H™* antiport activity and
mRNA expression in cultured proximal tubular cells. In this
regard, PKC has been shown to regulate the expression of nu-
merous different genes. These genes usually express “PKC re-
sponsive elements,” i.e., various consensus sequences in the 5’
flanking region of the gene that mediate PKC-responsive regu-
lation of gene expression (64-66). In various studies, PKC-in-
duced regulation of these genes has been shown to be due to the
binding of AP-1 or fos/jun dimers, to an AP-1 binding site in
the regulatory region of the gene (64). With this in mind, it is
notable that the 5' flanking regulatory region of the gene coding
for the Na*/H™* antiport examined in the present study
contains three consensus sequences for AP-1 binding sites
(67, 68).

Together the aforementioned observations suggest that glu-
cose-induced PKC activation leads to the activation of the
Na*/H* antiport in VSMC via an increase in antiport V,,,.
The acute activation occurs independently of new protein syn-
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thesis and gene transcription, whereas more sustained Na™*/
H* antiport activation by elevated glucose concentrations does
require protein synthesis and gene transcription and is asso-
ciated with a threefold increase in NHE-1 mRNA abundance.

Glucose-induced increases in Na*/H™ antiport activity in
vascular tissue could have considerable significance with re-
gard to the role of hyperglycemia in the pathogenesis of vascu-
lar disease and hypertension in patients with diabetes mellitus.
The Na*/H™ antiport has been shown to play a key role in the
regulation of intracellular pH, cell volume, growth, differentia-
tion, and contractility (7, 35, 69-72). Disordered VSMC
growth is a pathologic feature of atherosclerosis and hyperten-
sion (73, 74) and increased Na*/H ™ antiport activity has been
implicated in the development of these vascular growth abnor-
malities (13, 35, 75, 76). It has also been suggested that Na™*/
H* antiport hyperactivity could explain the relationship be-
tween abnormal Na* homeostasis and Ca2* metabolism in es-
sential hypertension and thereby contribute directly to
enhanced vascular contractility (77). The hypothesis that
Na*/H* antiport hyperactivity plays an important role in the
pathogenesis of hypertension and vascular disease is supported
by reports that both essential hypertension and diabetes melli-
tus are associated with increased Na*/H* antiport activity in
many tissues (2-5, 8-16). It has been suggested that increased
Na*/H™ antiport activity in these circumstances is genetically
determined and that interaction between genetic predisposi-
tion, environmental, metabolic and other factors eventually
determines the evolution of hypertension and vascular disease
in the individual (2, 4-6, 16). For example, it is established
that risk for vascular disease in diabetic patients is accentuated
by the coexistence of hypertension and poor glycemic control
(2). An interaction between genetic influences on Na*/H™*
antiport activity and our finding of a direct effect of glucose on
antiport activity could provide an explanation for this interac-
tion at the cellular level, based on additive stimulation of the
antiport. Furthermore, essential hypertension is also associated
with abnormal glucose homeostasis (78-80). The findings of
the present study provide a novel mechanism whereby meta-
bolic factors, in addition to genetic factors, could directly influ-
ence Na*/H™ antiport activity in essential hypertension.

In conclusion, hyperglycemia is recognized to be an inde-
pendent risk factor for the development of vascular disease.
Hyperactivity of the Na*/H* antiport has been implicated in
the pathogenesis of hypertension and vascular injury. The pres-
ent study uniquely demonstrates that elevated glucose concen-
trations induce a sustained activation of the Na*/H* antiport
and an increase in NHE-1 mRNA levels in vascular tissue via
glucose-induced PKC-dependent mechanisms. These observa-
tions suggest a novel cellular mechanism that could explain the
apparent synergism that exists between hyperglycemia and ge-
netic factors in the clinical expression of vascular disease and
hypertension in patients with abnormal glucose homeostasis.

Acknowledgments

Bryan Williams is supported by grants IRF 296 and PG 92/61 from the
British Heart Foundation. Randy Howard is a recipient of a National
Institutes of Health Physician Scientist Award DK-02116.

References

1. Statement on hypertension in diabetes mellitus. 1987. Arch. Intern. Med.
147:830-842.
2. Krolewski, A. S., M. Canessa, J. H. Warram, L. M. B. Laffel, R. Christlieb,

2630 B. Williams and R. L. Howard

W. C. Knowler, P. H. Lawrence, and 1. R. Lawrence. 1988. Predisposition to
hypertension and susceptibility to renal disease in insulin-dependent diabetes
mellitus. N. Engl. J. Med. 318:140-145.

3. Hilton, P. J. 1986. Cellular sodium transport in essential hypertension. N.
Engl. J. Med. 314:222-229.

4. Canessa, M., N. Adranga, H. S. Solomon, T. M. Connolly, and D. C.
Toteson. 1980. Increased sodium-lithium countertransport in red cells of patients
with essential hypertension. N. Engl. J. Med. 302:772-776.

5. Hasstedt, S. J., L. L. Wu, K. O. Ash, H. Kuida, and R. R. Williams. 1988.
Hypertension and sodium-lithium countertransport in Utah pedigrees: evidence
for major locus inheritance. Am. J. Hum. Genet. 43:14-22.

6. Canessa, M. L., K. Morgan, and A. Semplicini. 1988. Genetic differences in
lithium-sodium exchange and regulation of the sodium-hydrogen exchanger in
essential hypertension. J. Cardiovasc. Pharmacol. 12(Suppl. 3):592-98.

7. Mahnensmith, R. L., and P. S. Aronsen. 1985. The plasma membrane
sodium-hydrogen exchanger and its role in physiological and pathophysiological
processes. Circ. Res. 56:773-788.

8. Livne, A., J. W. Balfe, R. Veitch, A. Marquez-Julio, S. Grinstein, and A.
Rothstein. 1987. Increased platelet N*-H* exchange rate in essential hyperten-
sion: application of a novel test. Lancet. 2:533-536.

9. Ng, L. L., M. Harker, and E. D. Abel. 1988. Mechanisms of leucocyte
sodium influx in essential hypertension. Clin. Sci. 75:521-526.

10. Ng, L. L., C. Dudley, J. Bomford, and D. Hawley. 1989. Leucocyte intra-
cellular pH and Na* /H* antiport activity in human hypertension. J. Hypertens.
7:471-475.

11. Postnov, Y. V., G. M. Kravstov, S. N. Orlov, N. I. Pokudin, I. Y. Postnov,
and Y. V. Kotelevstev. 1988. Effect of protein kinase C activation on cytoskeleton
and cation transport in human erythrocytes: reproduction of some of the mem-
brane abnormalities revealed in essential hypertension. Hypertension. 12:267-
273.

12. Feig, P. U., M. A. D’Occhio, and J. W. Boylan. 1987. Lymphocyte mem-
brane sodium-proton exchange in spontaneously hypertensive rats. Hyperten-
sion. 9:282-288.

13. Berk, B. C,, G. Vallega, A. J. Muslin, H. M. Gordon, M. Canessa, and
R. W. Alexander. 1989. Spontaneously hypertensive rat vascular smooth muscle
cells in culture exhibit increased growth and Na*/H* exchange. J. Clin. Invest.
83:822-829.

14.Ng, L. L., D. Simmons, V. Frighi, M. D. Garrido, J. Bomford,and T. D.R.
Hockaday. 1990. Leucocyte Na*/H* antiport activity in type 1 diabetic patients
with nephropathy. Diabetologia. 33:371-377.

15. Trevisan, R., L. K. Li, J. Messent, T. Tariq, K. Earle, J. D. Walker, and
G. C. Viberti. 1992. Na*/H* antiport activity and cell growth in cultured skin
fibroblasts of IDDM patients with nephropathy. Diabetes. 41:1239-1246.

16. Mangili, R., J. J. Bending, G. Scott, K. K. Li, A. Gupta, and G. C. Viberti.
1988. Increased sodium-lithium countertransport activity in red cells of patients
with insulin-dependent diabetes and nephropathy. N. Engl. J. Med. 318:146-
150.

17. Nishizuka, Y. 1986. Studies and perspectives of protein kinase C. Science
(Wash. DC). 233:305-312.

18. Grinstein, S., and A. Rothstein. 1986. Mechanisms of regulation of the
Na*-H* exchanger. J. Membr. Biol. 90:1-12.

19. Ng, L. L., D. Simmons, V. Frighi, M. C. Garrido, and J. Bomford. 1990.
Effect of protein kinase C modulators on the leucocyte Na*/H* antiport in type I
diabetic subjects with albuminuria. Diabetologia. 33:278-284.

20. Williams, B., and R’ W. Schrier. 1992. Characterization of glucose-in-
duced in-situ protein kinase C activation in cultured vascular smooth muscle
cells. Diabetes. 41:1464-1472.

21. Williams, B., P. Tsai, and R. W. Schrier. 1992. Glucose-induced downreg-
ulation of angiotensin II and arginine vasopressin receptors in cultured aortic
vascular smooth muscle cells: role of protein kinase C. J. Clin. Invest. 90:1992-
1999.

22. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951.
Protein measurements with the folin-phenol reagent. J. Biol. Chem. 193:265-
275.

23. Chaillet, J. R., and W. F. Boron. 1985. Intracellular calibration of a pH-
sensitive dye in isolated, perfused salamander proximal tubules. J. Gen. Physiol.
86:765-794.

24.Bergman, J. A.,J. A. McAteer, A. P. Evan, and M. Soleimani. 1991. Use of
the pH-sensitive dye BCECF to study pH regulation in cultured human kidney
proximal tubule cells. J. Tissue Culture Methods. 13:205-210.

25.Roos, A., and W. F. Boron. 1981. Intracellular pH. Physiol. Rev. 61:296-
434,

26. Davis, R. J., and M. P. Czech. 1985. Tumor promoting phorbol esters
cause phosphorylation of epidermal growth factor receptors in fibroblasts at threo-
nine-645. Proc. Natl. Acad. Sci. USA. 82:1974-1978.

27. Heasely, L. E., and G. L. Johnson. 1989. Detection of nerve growth factor
and epidermal growth factor regulated protein kinases in PC12 cells with syn-
thetic peptide substrates. Mol. Pharmacol. 35:331-338.

28. Heasely, L. E., and G. L. Johnson. 1989. Regulation of protein kinase C by
nerve growth factor epidermal growth factor and phorbol esters in PC12
pheochromocytoma cells. J.-Biol. Chem. 264:8646-8652.



29. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isola-
tion by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

30. Sardet, C., A. Franchi, and J. Pouyssegur. 1989. Molecular cloning, pri-
mary structure and expression of the human growth factor-activatable Na*/H*
antiporter. Cell. 56:271-280.

31. Little, P. J., E. J. Cragoe, and A. Bobik. 1986. Na-H exchange is a major
pathway for Na-influx in rat vascular smooth muscle. Am. J. Physiol. 251:C707-
C712.

32. Grinstein, S., A. Rothstein, and S. Cohen. 1985. Mechanism of osmotic
activation of Na*-H* exchange in rat thymic lymphocytes. J. Gen. Physiol.
85:765-787.

33. Hidaka, H. F., M. Inagaki, S. Kawamoto, and Y. Sasaki. 1984. Isoquino-
line sulfonamides, novel and potent inhibitors of cyclic nucleotide dependent
protein kinases and protein kinase C. Biochem. J. 23:5036-5041.

34, Matsumoto, H., and Y. Sasaki. 1989. Staurosporine, a protein kinase C
inhibitor that interferes with the proliferation of arterial smooth muscle. Bio-
chem. Biophys. Res. Commun. 158:105-109.

35. Rao, G. N., C. Sardet, J. Pouyssegur, and B. C. Berk. 1990. Differential
regulation of Na*/H * antiporter gene expression in vascular smooth muscle cells
by hypertrophic and hyperplastic stimuli. J. Biol. Chem. 265:19393-19396.

36. Mitsuka, M., and B. C. Berk. 1991. Long-term regulation of Na*/H*
exchange in vascular smooth muscle cells: role of protein kinase C. Am. J. Phys-
iol. 260:C562-C569.

37. Berk, B. C., E. Elder, and M. Mitsuka. 1991. Hypertrophy and hyperplasia
cause differing effects on vagcular smooth muscle cell Na*/H™* exchange and
intracellular pH. J. Biol. Chem. 32:19632-19637.

38. Berk, B. C., M. S. Aronow, T. A. Brock, E. Cragoe, M. A. Gimbrone, and
R. W. Alexander. 1987. Angiotensin II-stimulated Na*/H* exchange in cultured
vascular smooth muscle cells: evidence for protein kinase C-dependent and -inde-
pendent pathways. J. Biol. Chem. 262:5057-5064.

39. Hatori, N., B. P. Fine, A. Nakamura, E. Cragoe, and A. Aviv. 1987.
Angiotensin I1 effect on cytosolic pH in cultured rat vascular smooth muscle cells.
J. Biol. Chem. 262:5073-5078.

40. Huang, C. L., M. G. Cogan, E. Cragoe, and H. E. Ives. 1987. Thrombin
activation of the Na*/H™* exchanger in vascular smooth muscle cells: evidence
for a protein kinase C-independent pathway that is Ca?* dependent and pertussis
toxin sensitive. J. Biol. Chem. 262:14134-14140.

41. Sardet, C., L. Counillon, A. Franchi, and J. Pouyssegur. 1990. Growth
factors induce phosphorylation of the Na*/H™ antiporter, a glycoprotein of 110
kD. Science (Wash. DC). 247:723-726.

42. Horie, S., O. Moe, R. T. Miller, and R. J. Alpern. 1992. Long-term activa-
tion of protein kinase C causes chronic Na/H antiporter stimulation in cultured
proximal tubule cells. J. Clin. Invest. 89:365-372.

43. Weinman, E. J., W. Dubinsky, and S. Shenolikar. 1989. Regulation of the
renal Na*/H* exchanger by protein phosphorylation. Kidney Int. 36:519-525.

44, Cassell, D., Y. L. Zhuang, and L. Glaser. 1984. Vanadate stimulates Na* /
H* exchange activity in A431 cells. Biochem. Biophys. Res. Commun. 118:675-
681.

45. Bloch, R. D., D. Zikos, K. A. Fisher, L. Schleicher, M. Oyama, J.-C.
Cheung, H. A. Skopicki, E. J. Sukowski, E. J. Cragoe, and D. R. Peterson. 1992.
Activation of proximal tubular Na*-H* exchange by angiotensin-II. Am. J. Phys-
iol. 263:F135-F143.

46. Al-Awgati, Q. 1989. Regulation of membrane transport by endocytic
removal and exocytotic insertion of transporters. Methods Enzymol. 172:45-59.

47. James, D. E., L. Lederman, and P. F. Pilch. 1987. Purification of insulin-
dependent exocytic vesicles containing the glucose transporter. J. Biol. Chem.
262:11817-11824.

48. Schwartz, G. J., and Q. Al-Awqati. 1985. Carbon dioxide causes exocyto-
sis of vesicles containing H* pumps in isolated perfused proximal and collecting
tubules. J. Clin. Invest. 75:1638-1644.

49. Wade, J. B., D. L. Stetson, and S. A. Lewis. 1981. ADH action: evidence
for a membrane shuttle action. Ann. NY Acad. Sci. 372:106-117.

50. Grinstein, S., S. Cohen, J. D. Goetz, A. Rothstein, and E. W. Gelfand.
1985. Characterization of the activation of Na* /H* exchange in lymphdocytes by
phorbol esters: change in cytoplasmic pH dependence of the antiport. Proc. Natl.
Acad. Sci. USA. 82:1429-1433.

51. Tse, C-M.,, S. A. Levine, C. H. C. Yun, S. R. Brant, J. Pouyssegur, M. H.
Montrose, and M. Donowitz. 1993. Functional characteristics of a cloned Na*/
H* exchanger (NHE3): resistance to amiloride and inhibition by protein kinase
C. Proc. Natl. Acad. Sci. USA. 90:9110-9114.

52. Grinstein, S., S. Cohen, and A. Rothstein. 1984. Cytoplasmic pH regula-
tion in thymic lymphocytes by an amiloride sensitive Na*/H™* antiport. J. Gen.
Physiol. 83:341-369.

53. Grinstein, S., J. D. Goetz, and A. Rothstein. 1984. 2?Na* fluxes in thymic
lymphocytes: amiloride-sensitive Na*/H* exchange pathway; reversibility of
transport and asymmetry of the modifier site. J. Gen. Physiol. 84:585-600.

54. Aronson, P. S., J. Nee, and M. A. Suhm. 1982. Modifier role of internal

H* in activating the Na* /H* exchanger in renal microvillus membrane vesicles.
Nature (Lond.). 199:161-163.

55. Preisig, P. A., and R. J. Alpern. 1988. Chronic metabolic acidosis causes
an adaptation in the apical membrane Na/H antiporter and basolateral mem-
brane Na(HCO,), symporter in rat proximal convoluted tubule. J. Clin. Invest.
82:1445-1453.

56. Akiba, T., V. K. Rocco, and D. G. Warnock. 1987. Parallel adaptation of
the rabbit renal cortical sodium/proton antiporter and sodium/bicarbonate co-
transporter in metabolic acidosis and alkalosis. J. Clin. Invest. 80:308-315.

57. Soleimani, M., J. A. Bergman, M. A. Hosford, and T. D. McKinney. 1990.
Potassium depletion increases luminal Na*/H* exchange and basolateral
Na*:CO,:HCOj cotransport in rat renal cortex. J. Clin. Invest. 86:1076-1083.

58. Harris, R. C., J. L. Seifter, and B. M. Brenner. 1984. Adaptation of Na*-
H* exchange in renal microvillus membranes. J. Clin. Invest. 74:1979-1987.

59. Salihagic, A., M. Mackovic, H. Banfic, and 1. Sabolic. 1988. Short-term
and long-term stimulation of Na*/H™* exchange in cortical brush border mem-
branes during compensatory growth of rat kidney. Pfliigers. Arch. Eur. J. Physiol.
413:190-196.

60. Vigne, P., T. Jean, P. Barbry, C. Frelin, L. Fine, and M. Ladunnski. 1985.
[*H ]Ethylisopropylamiloride, a ligand to analyze the properties of the Na*/H*
exchange system in the membranes of normal and hypertrophied kidneys. J.
Biol. Chem. 260:14120-14125.

61. Talor, Z., W-C. Yang, J. Shuffield, E. Sack, and J. A. L. Arruda. 1987.
Chronic hypercapnia enhances V,,, of Na-H antiporter of renal brush-border
membranes. Am. J. Physiol. 253:F394-400.

62. Tsai, C.-J., H. E. Ives, R. J. Alpern, V. J. Yee, D. G. Warnock, and F. C.
Rector. 1984. Increased V,,,, for Na*/H™ antiporter activity in proximal tubule
brush border vesicles from rabbits with metabolic acidosis. Am. J. Physiol.
247:F339-F343.

63. Moe, O. W., R. T. Miller, S. Horie, A. Cano, P. A. Preisig, and R. J.
Alpern. 1991. Differential regulation of Na/H antiporter by acid in renal epithe-
lial cells and fibroblasts. J. Clin. Invest. 88:1703-1708.

64. Curran, T., and B. R. Franza. 1988. Fos and Jun: the AP-1 connection.
Cell. 55:395-397.

65. Comb, M., N. C. Birnberg, A. Seasholtz, E. Herbert, and H. M. Goodman.
1986. A cyclic AMP and phorbol ester-ineducable DNA element. Nature
(Lond.). 323:353-356.

66. Chiu, R., M. Imagawa, R. J. Imbra, J. R. Bockoven, and M. Karin. 1987.
Multiple cis- and trans-acting elements mediate the transcriptional response to
phorbol esters. Nature (Lond.). 329:648-651.

67. Miller, R. T., L. Counillon, G. Pages, R. P. Lifton, C. Sardet, and J.
Pouyssegur. 1989. Structure of the 5'-flanking regulatory region and gene for the
human growth factor activatable Na/H exchanger NHE-1. J. Biol. Chem.
266:10813-10819.

68. Horie, S., 0. Moe, Y. Yamaji, A. Cano, R. TylerMiller, and R. J. Alpern.
1992. Role of protein kinase C and transcription factor AP-1 in the acid-induced
increase in Na/H antiporter activity. Proc. Natl. Acad. Sci. USA. 89:5236-5240.

69. Ober, S. S, and A. B. Pardee. 1987. Intracellular pH is increased after
transformation of Chinese hamster embryo fibroblasts. Proc. Natl. Acad. Sci.
USA. 84:2766-2770.

70. L’Allemain, G., S. Paris, and J. Pouyssegur. 1984. Growth factor activa-
tion and intracellular pH regulation in fibroblasts: evidence for a major role of the
Na*/H* antiport. J. Biol. Chem. 259:5809-5815.

71. Grinstein, S., D. Rotin, and M. J. Mason. 1989. Na*/H™* exchange and
growth factor-induced cytosolic pH changes: role in cellular proliferation. Bio-
chim. Biophys. Acta. 988:73-97.

72. Vallega, G. A., M. L. Canessa, B. C. Berk, T. A. Brock, and R. W. Alex-
ander. 1988. Vascular smooth muscle cell Na*/H™* exchanger kinetics and its
activation by angiotensin II. Am. J. Physiol. 254:C751-758.

73. Owens, G. K. 1985. Differential effects of antihypertensive therapy on
vascular smooth muscle cell hypertrophy, hyperploidy and hyperplasia in the
spontaneously hypertensive rat. Circ. Res. 56:525-536.

74. Ross, R. 1986. The pathogenesis of atherosclerosis—an update. N. Engl. J.
Med. 314:488-500.

75. Bobik, A., A. Grooms, S. Grinpukel, and P. J. Little. 1988. The effects of
alterations in membrane sodium transport on rat aortic smooth muscle prolifera-
tion. J. Hypertens. 6(Suppl. 4):S219-S221.

76. Resnick, M. L., R. K. Gupta, R. E. Sosa, M. L. Corbett, and J. H. Laragh.
1987. Intracellular pH and human and experimental hypertension. Proc. Natl.
Acad. Sci. USA. 84:7663-7667.

77. Aviv, A, and A. Livine. 1988. The Na*/H* antiport, cytosolic free Ca*
and essential hypertension: a hypothesis. Am. J. Hypertens. 1:410-413.

78. Ferrannini, E., G. Buzzigoli, and R. Bonadonna. 1987. Insulin resistance
in essential hypertension. N. Engl. J. Med. 317:350-357.

79. Reavan, G. M. 1988. Role of insulin resistance in human disease. Dia-
betes. 37:1595-1607.

80. Reavan, G. M., and B. Hoffman. 1989. Hypertension as a disease of
carbohydrate and lipoprotein metabolism. Am. J. Med. 87(Suppl. 6A):2S-6S.

Glucose and Vascular Smooth Muscle Na* /H* Antiport Activity and mRNA Expression 2631



