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Abstract

To examine the role of protein kinase C as a chronic regulator
of proximal tubule Na/H antiporter activity, the effect of phor-
bol 12-myristate 13-acetate (PMA) on the Na/H antiporter
was studied in cultured proximal tubule cells. Short-term acti-
vation of protein kinase C by 5 min exposure to PMA caused an
acute increase in Na/H antiporter activity that was not pre-
vented by cycloheximide or actinomycin D and did not persist
24 h later. Long-term activation of protein kinase C by 2 h
exposure to PMA caused a dose-dependent increase in Na/H
antiporter activity 24 h later. This latter effect was due to pro-
tein kinase C activation in that it was inhibited by sphingosine
and was not seen with 4a-PMA, an inactive analogue. The
chronic effect of PMA was inhibited by 10 nM actinomycin D
or 7 ,uM cycloheximide. Proximal tubule cells exposed to PMA
for 2 h demonstrated a two- to threefold increase in Na/H anti-
porter mRNA (mRNAN,/H) abundance 4 h later. In conclusion,
short-term activation of protein kinase C leads to a transient
increase in Na/H antiporter activity that is independent of tran-
scription and translation, whereas long-term activation of pro-
tein kinase C causes a persistent increase in antiporter activity
that is dependent on transcription and translation and is asso-
ciated with increased mRNAN,/H abundance. This latter effect
may mediate increased Na/H antiporter activity in a number of
chronic conditions. (J. Clin. Invest. 1992. 89:365-372.) Key
words: memory * phorbol esters * cycloheximide * actinomycin
D * Northern blot

Introduction

The proximal tubule is responsible for the majority of bicar-
bonate reabsorption in the kidney (1). A number of chronic
conditions associated with increased proximal tubular H secre-
tory capacity, including chronic metabolic and respiratory aci-
dosis, chronic K deficiency, and chronic hyperfiltration, are all
associated with adaptations in proximal tubular function (2-
16). These adaptations include increased activities ofthe apical
membrane Na/H antiporter and Na/citrate cotransporter, the
basolateral membrane Na/3HCO3 cotransporter, phosphate-
dependent glutaminase, and phosphoenolpyruvate carboxy-
kinase (2-14). A common feature of these proteins is that they
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all contribute to net acid excretion, either through acid secre-
tion or ammonia synthesis. These adaptations persist after the
transporter or enzyme has been removed from the inducing
milieu. Kinetic studies on the transporters have found that
substrate affinities are unaffected and Vm. is increased (3, 6, 8,
9, 11).

We have recently developed a tissue culture model for
studying these adaptations, in which rabbit proximal tubule
cells in primary culture were incubated in control or acid me-
dia for 48 h (17). The results demonstrated an acid incubation-
induced increase in Na/H antiporter activity that persisted
after removal from the acid milieu and was dependent on pro-
tein synthesis. The adaptation was tissue specific in that it oc-
curred in primary cultures of rabbit proximal tubule cells and
in two renal cell lines but not in fibroblasts (17, 18). The adapta-
tion was associated with a threefold increase in the abundance
ofmRNA encoding an Na/H antiporter (mRNANaH)1 (18).

The above studies together suggest that chronic regulation
of proximal tubule acidification in a number of conditions is
mediated by regulation of synthesis of a number of key trans-
porters and enzymes. The cellular signaling mechanisms re-
sponsible for such adaptations have not been addressed. The
association of these adaptations with proximal tubule cell hy-
pertrophy suggests a possible role ofprotein kinase C (19). High
levels of diacylglycerol, the endogenous activator of protein
kinase C, have been found in the hyperfiltering kidney (12).
For these reasons, the present studies examined the effect of
chronic activation of protein kinase C on Na/H antiporter ac-
tivity in proximal tubule cells in primary culture. The results
demonstrate that, whereas short-term activation of protein ki-
nase C causes a transient increase in Na/H antiporter activity
that is independent oftranscription and translation, more pro-
longed activation of protein kinase C causes a chronic persis-
tent increase in Na/H antiporter activity that is dependent on
transcription and translation and is associated with increased
abundance of the mRNANa/H

Methods

Cell culture. Primary cultures of renal proximal tubular cells were pre-
pared as described previously (17). Briefly, 4-6-wk-old male New Zea-
land rabbits were killed by decapitation. Cortex was trimmed from
kidneys, sliced with a Stadie-Riggs tissue slicer, and rinsed in ice-cold
culture media. Cortical sections were incubated in culture media with
0.1% Type I collagenase for 40 min at 37°C with moderate shaking.
The tissue suspension was centrifuged on an isosmotic 50% Percoll
gradient (vol/vol) at 20,000 g for 30 min. Proximal tubule fragments
were aspirated from the F4 fraction (20), washed, diluted in culture
media to 3,000 tubules/ml, inoculated onto glass coverslips in 35-mm
culture dishes and incubated at 37°C in a 95% air/5% CO2 atmosphere.
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1. Abbreviations used in this paper: BCECF, (2,7)-biscarboxyethyl-
5(6)-carboxyfluorescein; mRNAN./H, Na/H antiporter mRNA.
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Culture media consisted ofa 1:1 (vol/vol) mixture ofDME and Ham's
F12 supplemented with 5 ,ug/ml insulin, 50 nM hydrocortisone, 35
,gg/ml transferrin, 29 nM sodium selenite, 20 uM ethanolamine, 1.5
mM L-glutamine, 100 U/ml penicillin, and 100 ,gg/ml streptomycin.
Fetal bovine serum was added to 3% (vol/vol) to the culture media for
the first 3 d to allow better cell attachment. Medium was changed after
3 d and then on alternate days. After achieving confluence in 10-12 d,
cells were rendered quiescent by removal ofinsulin and hydrocortisone
for 2 d before and during the experimental protocol (21). Culture me-
dium was changed on the day of experiment.

Measurement ofcytoplasmic pH (pH,). Continuous measurement
of pHi was accomplished using the pH-sensitive fluorescent dye,
BCECF [(2,7-biscarboxyethyl-5(6)-carboxyfluorescein] as described
previously (17). Cells were loaded with the acetoxymethyl derivative of
BCECF (10 uM) for 30 min at 370C. The coverslip with cells then was
placed in a plastic cuvette in a thermostatically controlled cuvette
holder (370C) in a computer-controlled spectrofluorimeter (model
SLM 8000C; SLM Instruments Inc., Urbana, IL) at a 300 angle to the
excitation beam. pHi was estimated from the ratio offluorescence with
excitation at wavelengths of 500 nm and 450 nm, with emission at 530
nm. Slit widths were 4 nm. Background fluorescence was measured
before dye loading and subtracted from fluorescence intensity at each
excitation wavelength. Background fluorescence was < 0.1% ofthe to-
tal fluorescence at each wavelength. During pH, measurement, cells
were continuously perfused at 20 ml/min by solutions at 370C. Rate of
dye leakage from the cells was - 4%/min. There was no apparent time-
dependent change in the fluorescent ratio over the time of the study.
Calibration of the BCECF excitation ratio was determined using the
K/nigericin technique as described (22).

Assay of Na/H antiporter activity. Na/H antiporter activity was
assayed as the initial rate of Na-dependent pHi increase after an acid
load in the absence ofCO2/HCO3. A typical tracing is depicted in Fig.
1. The composition of solutions used for the assay were as follows: (a)
standard Na solution (mM): Na 137.7, K 4.5, Ca 1.1, Mg 1.54, Cl
147.5, Hepes 15; (b) Na-free solution: Na was replaced by choline; (c)
Na-free NH3/NH4 solution: 20mM NH' replaced 20mM choline. All
solutions were adjusted to pH 7.40 by titration with NMDG-OH at
37°C. Cells were first perfused with the standard Na solution to mea-
sure baseline pHi, then with the Na-free NHJNH' solution for 5 min,
and finally by the Na-free solution. On removal of NHJNH', pH,
decreased and reached a steady nadir. There was no pHi recovery be-
fore Na addition in any study, implying either absent or very low activ-
ity of an H pump. Subsequent change to the standard Na solution
caused rapid cell pHi recovery, which was due to the Na/H antiporter.
This was inhibited 85% by 1 mM amiloride (17) and 100% by 0.1 mM
ethylisopropyl amiloride. The initial rate ofthis Na-dependent cell pH
change (dpH,/dt) was calculated by drawing a line tangent to the initial
deflection (over 5 s).

The intracellular buffer capacity (fB mmol/I - pH) was determined
from the pH, response to NHJNH' removal in the above assay (23)
using the formula: f = [NH]JiApHi, where [NH']J is the intracellular
concentration of NH' just before NHJNH4 removal, calculated as
[NHJ]i = [NH+],0 10(7.4-PHi); and ApHi is the pHi change on removal of
NH+. Na/H antiporter activity is the product of dpHJdt and buffer
capacity. A change in dpHJdt is interpreted to reflect a difference in
Na/H antiporter activity when cell buffer capacities in two conditions
are similar.

Isolation and analysis ofmRNANW.H. For these studies, cells were
grown on 100-mm plastic culture plates. Proximal cell monolayers
were lysed in guanidinium thiocyanate/N-lauroyl sarcosine/mercap-
toethanol, and the resulting slurry was centrifuged through a 5.7 M
cesium chloride cushion. The resulting RNA-enriched pellet was fur-
ther purified by phenol-chloroform extraction and ethanol precipita-
tion. PolyA+RNA was selected by oligo-dT affinity chromatography.
For RNA blot hybridization, polyA+RNA from control and experi-
mental cells was electrophoresed on formaldehyde-agarose gels and
transferred to nylon filters (Genescreen; New England Nuclear, Bos-
ton, MA).

Time, min

Figure 1. Assay of Na/H antiporter activity: typical tracing. pH, (y-
axis) is plotted as a function of time (x-axis). Cells are initially per-
fused with a Na-containing solution. At 1 min, Na is removed from
the perfusate and 20 mM NH4Cl is added, leading to a rapid cell al-
kalinization followed by a slow cell acidification. NH4C1 then is re-
moved from the perfusate, leading to a rapid cell acidification. When
pHi stabilizes, Na is added, leading to a rapid cell alkalinization that
is mediated by the Na/H antiporter. All solutions are free of exoge-
nous COJHCO3.

A single-stranded, uniformly 32P-labeled DNA, synthesized as de-
scribed previously (24), was used as a probe forRNA blotting. A 713-bp
BamHI/SacI fragment ofthe C28 Na/H antiportercDNA (25) has been
subcloned into an M 13 bacteriophage vector, allowing production ofa
single-stranded sense DNA template. A specific oligonucleotide was
used to prime the synthesis of the antisense probe from the single-
stranded DNA. A single-stranded, uniformly labeled fl-actin probe was
prepared in a similar fashion except that the synthesis was primed by an
Ml 3 universal primer. After prehybridization with 5X standard saline
citrate (SSC; 0.75 M NaCl and 75 mM Na3 citrate), 5X Denhardt's (1
mg/ml each of Ficoll, PVP, and BSA), and 0.5% SDS at 420C for 4 h,
filters were hybridized with 30-40 X 106 cpm of probe in the above
solution at 420C for 12-16 h. Nylon filters were then washed (lx SSC,
1% SDS for 15 min at 20'C; 0.1X SSC, 1% SDS for 1 h at 60QC) and
subjected to autoradiography. The blots were sequentially probed for
Na/H antiporter and #l-actin. Densitometric analyses of autoradio-
grams were made on a laser densitometer with a software program
(software, model GS-365-W; both densitometer and software from
Hoefer Scientific Instruments, San Francisco, CA), and all Na/H anti-
porter signals were normalized for fl-actin.

Statistics. Data are reported as mean±SE. Statistical significance
was judged from unpaired Student's t test. One-way analysis of vari-
ance was performed when indicated.

Materials. All chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO) unless otherwise noted: collagenase (Type I) from
Boehringer Mannheim Biochemicals, Indianapolis, IL; Percoll from
Pharmacia LKB Biotechnology Inc., Piscataway, NJ; penicillin and
streptomycin from Whittaker Bioproducts Inc., Walkersville, MD; cul-
ture media from Gibco Laboratories Life Technology Inc., Grand Is-
land, NY; culture dishes from Coming'Glass Works, Coming, NY;
acetoxymethyl ester of BCECF (BCECF-AM) from Molecular Probes
Inc., Eugene, OR; and phorbol 12-myristate 13-acetate (PMA) and
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4a-PMA from LC Services Corp., Woburn, MA. BCECF-AM, PMA,
and 4a-PMA were dissolved in DMSO to make stock solutions. Sphin-
gosine was used in a 1: 1 molar complex with BSA as described else-
where (26).

Results

Short-term activation ofprotein kinase C acutely increases Na!
H antiporter activity. Initial studies examined the acute effect
of short-term activation of protein kinase C on Na-dependent
pHi recovery from an acid load. For these studies protein ki-
nase C was activated by addition of the phorbol ester, phorbol
12-myristate 13-acetate (PMA). After 5 min of perfusion with
the Na-free NH3/NH' solution, NH3/NH' was removed and
cells achieved a stable acid pHi. Cells were then incubated with
either vehicle orPMA in Na-free solution for 5 min, and dpHJ
dt was measured on Na addition. Fig. 2 summarizes the results.
5 min exposure to 100 nM PMA significantly increased dpHJ/
dt from 0.58±0.06 to 0.80±0.05 pH unit/min (P < 0.05). Base-

line pHi (before NH3/NH' addition), trough pHi (just before
Na addition), and buffer capacities were similar in the two
groups (Table I).

To examine whether this effect ofPMA was related to acti-
vation of protein kinase C or merely represented a nonspecific
effect of phorbol esters, experiments were repeated with an
analogue of PMA, 4a-PMA, which does not activate protein
kinase C. In these experiments, dpH,/dt was 0.51±0.03 in con-
trol cells and 0.43±0.05 in cells treated with 4a-PMA (NS,
Table I). Thus, short-term activation of protein kinase C leads
to an acute increase in Na/H antiporter activity in proximal
tubule cells. This finding agrees with those of other studies
demonstrating acute protein kinase C-induced antiporter acti-
vation in the renal proximal tubule (27, 28).

Given the rapidity of this effect, it is unlikely to be due to
synthesis of gene products. To confirm this, we tested whether
inhibition of transcription or translation prevented the PMA-
induced increase in Na/H antiporter activity. In the first set of
studies, cells were pretreated with 10 nM actinomycin D for 1 h
before PMA addition to inhibit transcription. This concentra-
tion of actinomycin D inhibited the chronic response to PMA
(see below). Higher concentrations of actinomycin D were
toxic to the cells. Fig. 3 shows that in this setting PMA-induced
stimulation ofNa/H antiporter activity was still present. Base-
line and trough pHi and buffer capacities were similar in con-
trol and experimental cells (Table I).

In a second set of studies, control and PMA-treated cells
were pretreated with 7 uM cycloheximide for 1 h before the
experiment to inhibit translation. This concentration of cyclo-
heximide inhibited most of protein synthesis in A6 cells and
primary cultures of chick renal cells (29, 30). As shown in Fig.
3, cycloheximide did not prevent the PMA-induced increase in
Na/H antiporter activity. Buffer capacities and baseline and
trough pHi were not different among the groups (Table I).
Thus, short-term activation ofprotein kinase C causes an acute
increase in Na/H antiporter activity that requires neither tran-
scription nor translation and is most likely due to phosphoryla-
tion (3 1).

Table I. Acute Effects ofPMA on Na/H Antiporter Activity

n Baseline pH, Trough pHi dpHi/dt

pH/min mmol/lI pH

PMA x 5 min
Control 5 7.47±0.03 6.66±0.03 0.58±0.06 18.3±1.5
PMA, 100 nM 5 7.39±0.03 6.64±0.06 0.80±0.05* 24.4±2.9

4a-PMA X S min
Control 6 7.50±0.07 6.77±0.08 0.51±0.03 19.7±4.0
4a-PMA, 100 nM 6 7.51±0.06 6.79±0.05 0.43±0.05 17.4±1.6

PMA X 5 min: 10 nM actinomycin D
Control 4 7.44±0.07 6.67±0.07 0.49±0.03 18.7±2.2
PMA, 100 nM 4 7.47±0.04 6.73±0.05 0.58±0.03* 16.6±1.7

PMA X 5 min: 7 MM cycloheximide
Control 4 7.49±0.03 6.81±0.01 0.52±0.02 18.6±2.7
PMA, 100 nM 3 7.44±0.03 6.75±0.02 0.71±0.02$ 21.0±3.2

Values are mean±SE.
* P < 0.05 vs. control; t P < 0.001 vs. control.
PMA, phorbol 12-myristate 13-acetate.
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Figure 3. Effect of actinomycin D or cycloheximide on acute PMA-
induced increase in Na/H antiporter activity. Actinomycin D (10
nM) or cycloheximide (7 MM) was added 1 h before the assay. Data
are presented as in Fig. 2.

Long-term activation ofprotein kinase C causes a chronic
persistent increase in Na/H antiporter activity. To examine
whether protein kinase C activation causes a persistent stimula-
tion ofNa/H antiporter activity, we examined Na/H antiporter
activity 24 h after removal of PMA. Cells were preincubated
with PMA or vehicle added to the culture media. After a set
time, PMA or vehicle was removed and cells were washed twice
and refed with fresh culture media. Na/H antiporter activity
was then assayed 24 h later.

In the first studies, 100 nM PMA was added for 5 min. 24 h
later, cells were loaded with BCECF and studied. Baseline and
trough pHi were not different between control and PMA-pre-
treated cells (Table II). Na/H antiporter activities were also not
different (Fig. 4). Once again, buffer capacities were similar in
the two groups (Table II). Thus, 5 min exposure to PMA
caused an acute activation of the Na/H antiporter, which was
transient in that it was no longer present 24 h later.

To examine whether a more chronic activation of protein
kinase C would lead to a more persistent activation of the Na/
H antiporter, cells were exposed to PMA for 2 h. Once again,
after 2 h exposure, cells were washed twice and refed. Anti-
porter activity was assessed 24 h later. Fig. 5 shows the results.
Compared with a control rate of 0.54±0.03 pH unit/min, 2 h
preincubation with 30 nM PMA caused a 22% stimulation,
and 2 h preincubation with 100 nM PMA caused a 44% in-
crease in Na/H antiporter activity. Baseline and trough cell pH
and buffer capacities were not different between the groups
(Table II).

PMA-induced persistent increase in Na/H antiporter activ-
ity is through activation of protein kinase C. To address
whether the above effect of 2 h PMA preincubation was due to
activation of protein kinase C, two sets of studies were per-
formed. First, we examined the effect of a 2-h application of
4a-PMA, the inactive analogue. 2-h incubation with 4a-PMA
failed to increase Na/H antiporter activity (Table II).

In a second set of studies, we examined the effect of inhibi-
tion of protein kinase C with sphingosine (32) on the ability of
2-h treatment with PMA to chronically increase Na/H anti-
porter activity. Cells were treated with 10 ,M sphingosine with
10 gM albumin for 12 h before and then duringthe exposure to

Table II. Chronic Effects ofPMA on Na/H Antiporter Activity

n Baseline pHi Trough pH, dpH,/dt

pH/min mmol/l pH

PMA X 5 min
Control 8 7.50±0.02 6.68±0.02 0.67±0.03 12.9±0.9
PMA, 100 nM 8 7.45±0.03 6.68±0.03 0.73±0.06 12.4±0.7

PMA x 2 h
Control 17 7.49±0.02 6.69±0.02 0.54±0.03 14.1±0.5
PMA, 30 nM 6 7.42±0.02 6.63±0.01 0.66±0.05* 14.0±0.6
PMA, 100 nM 17 7.43±0.02 6.65±0.02 0.78±0.04* 12.5±0.6

4a-PMA X 2 h
Control 4 7.53±0.06 6.78±0.05 0.52±0.06 15.5±2.4
4a-PMA, 100 nM 4 7.53±0.06 6.77±0.05 0.43±0.05 17.3±2.0

PMA x 2 h: 10 gM sphingosine
Control, albumin 8 7.50±0.05 6.63±0.04 0.49±0.04 11.7±1.5
PMA, 100 nM, albumin 8 7.55±0.04 6.68±0.06 0.66±0.05* 10.6±0.7
Control, sphingosine 10 7.53±0.02 6.67±0.05 0.54±0.05 12.3±0.5
PMA, 100 nM, sphingosine 12 7.50±0.02 6.66±0.03 0.55±0.05 11.6±0.6

PMA X 2 h: 10 nM actinomycin D
Control 8 7.42±0.03 6.68±0.01 0.56±0.04 16.0±0.8
PMA, 100 nM 8 7.43±0.02 6.70±0.02 0.59±0.04 15.3±1.0

PMA X 2 h: 7 MM cycloheximide
Control 5 7.53±0.05 6.89±0.04 0.57±0.04 12.7±0.5
PMA, 100 nM 5 7.51±0.04 6.96±0.04 0.48±0.04 12.6±0.3

Values are mean±SE.
* P < 0.05 vs. control; * P < 0.001 vs. control.

368 S. Horie, 0. Moe, R. T. Miller, and R. J. Alpern



0.8

0.7

aE

I

a
V

0.6

0.5

0.4

0.3

1.01-

0.2

Control PMA
100 nM

Figure 4. Chronic effect of short-term protein kinase C activation on
Na/H antiporter activity. Na/H antiporter was assayed 24 h after 5
min exposure to 100 nM PMA or vehicle. Data are presented as in
Fig. 2.

PMA (26). Control studies were performed with albumin
alone. Fig. 6 shows that sphingosine prevented the PMA-in-
duced increase in Na/H antiporter activity, whereas albumin
had no effect. Once again, baseline and trough cell pH values
and buffer capacities were identical in all groups (Table II).
Thus, the chronic effect ofPMA preincubation on Na/H anti-
porter activity is mediated by activation of protein kinase C.

Protein kinase C-induced chronic effect is dependent on
transcription and translation. The observation that a 2-h treat-
ment with PMA led to increased Na/H antiporter activity 24 h
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Figure 6. Effect of
sphinogosine on PMA-
induced chronic in-
crease in Na/H anti-
porter activity. See Fig.
5 for experimental pro-
tocol. 10 M sphingo-
sine + 10 MiM albumin
or just 10MM albumin
were added 12 h before
PMA (100 nM) and re-
mained throughout
PMA addition. Data are
presented as in Fig. 2.

after the treatment raised the question ofwhether transcription
and translation were involved in this process. To examine this
question, two sets of studies were performed. First, actinomy-
cin D was used to block transcription. Control and experimen-
tal cells were incubated with 10 nM actinomycin D 1 h before
and during addition ofPMA or vehicle. As can be seen in Fig. 7
and Table II, actinomycin D completely inhibited the PMA-in-
duced stimulation of the Na/H antiporter.

In a second set of studies, 7 ,M cycloheximide was added 1
h before and during preincubation in PMA or vehicle and then
throughout the next 24 h to control and experimental cells. As
shown in Fig. 7 and Table II, cycloheximide completely inhib-
ited PMA-induced stimulation of Na/H antiporter activity.
Thus, the effect of chronic protein kinase C activation to cause
a chronic persistent increase in Na/H antiporter activity is de-
pendent on synthesis of gene products.

Prolonged activation ofprotein kinase C leads to increased
abundance of mRNANaH. Sardet et al. (25) have cloned a
cDNA for an Na/H antiporter. Because our effect ofPMA on
the Na/H antiporter was dependent on transcription and trans-
lation, we next examined whether there was an increase in
abundance ofthis mRNA. Quiescent cells were incubated with
either 100 nM PMA or vehicle for 2 h, washed twice, and then
refed with culture media. 4 h after incubation, cells were har-
vested and Northern blot analysis was performed as described

0.7
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Figure 5. Chronic effect of long-term protein kinase C activation on
Na/H antiporter activity. Na/H antiporter was assayed 24 h after 2
h exposure to 0, 30, or 100 nM PMA. Data are presented as in Fig. 2.

NSm I

Control PMA
Cycloheximide

Figure 7. Effect of actinomycin D and cycloheximide on PMA-in-
duced chronic stimulation of Na/H antiporter activity. See Fig. 5 for
experimental protocol. Actinomycin D (10 nM) was added 1 h before
and during PMA addition. Cycloheximide (7 MM) was added 1 h be-
fore and during PMA addition, and then during the following 24-h
incubation. Data are presented as in Fig. 2.
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Figure 8. Effect of long-term activation of protein kinase C on Na/H
antiporter mRNA abundance. Quiescent primary culture cells were
treated for 2 h with either 100 nM PMA or vehicle. mRNA was pre-
pared 4 h later and analyzed as described under Methods.

in Methods. Fig. 8 shows results of a typical experiment. When
normalized for f3-actin, mRNANaH abundance was increased
2.3-fold. Similar results were achieved in two other separate
experiments (3.1- and 2.5-fold increases).

Discussion

Short-term activation ofprotein kinase C leads to acute activa-
tion ofthe Na/H antiporter. The present studies find that acute
activation of protein kinase C by addition of phorbol esters
leads to an immediate increase in Na/H antiporter activity in
cultured proximal tubule cells. These results are similar to
those found previously in proximal tubule suspensions and'
renal cortical apical membrane vesicles (27, 28) and in numer-
ous other cell types (33). In addition, acute activation of pro-
tein kinase C (< 10 min) has been found to increase the rate of
proximal tubule HCO3 absorption (34, 35).

The rapidity of the acute effect suggests that it is mediated
by phosphorylation of the Na/H antiporter and is independent
of transcription or translation. Our results confirm this thesis
by showing that actinomycin D and cycloheximide have no
effect on the acute stimulation of Na/H antiporter activity.
Sardet et al. (31) have shown in fibroblasts that activation of
protein kinase C by phorbol esters leads to phosphorylation of
the Na/H antiporter on serine residues. The renal Na/H anti-
porter has also been shown to be regulated by a number of
other kinases, including cAMP-dependent protein kinase and
calcium calmodulin-dependent multiprotein kinase (reviewed
in reference 36).

Long-term activation ofprotein kinase C leads to a chronic
persistent increase in Na/H antiporter activity. In addition to
acute regulation, Na/H antiporter activity is regulated by a

number of chronic conditions. Chronic metabolic acidosis,
chronic respiratory acidosis, chronic K deficiency, and chronic
increases in glomerular filtration rate are all associated with an
adaptive increase in Na/H antiporter activity that is kinetically
expressed as an increase in the Vma of the transporter (2-12).
In addition, this altered antiporter activity persists after the
transporter is removed from the experimental environment.

This latter observation suggests that these adaptations repre-
sent a form of long-term renal memory and may be similar to
the mechanisms of long-term memory in the central nervous
system. The molecular basis of memory has been extensively
studied in Aplysia sensory neurons, where it is mediated by
serotonin-induced changes in cAMP that, secondarily, regulate
K channel activity. Short-term application (5 min) ofserotonin
or cAMP analogues leads to an acute decrease in K channel
activity that is transient and independent of transcription and
translation, whereas addition of serotonin or cAMP analogues
for 2 h leads to a more prolonged change in K channel activity
that is dependent on transcription and translation (37-39). In
the present studies we adapted a similar protocol and found
similar results. Activation of protein kinase C with a 5-min
application ofPMA caused a transient increase in Na/H anti-
porter activity that was independent oftranscription and trans-
lation, whereas a 2-h application caused an increase in Na/H
antiporter activity that persisted 24 h later and was dependent
on transcription and translation. Thus, in both these forms of
neural and renal memory, one protein kinase is able to regulate
transporter activity acutely by phosphorylation and chroni-
cally by regulation of gene expression. Long-term potentiation
of synaptic transmission in the hippocampus is also mediated
by chronic activation of protein kinase C (40).

The inhibition of the chronic stimulation in Na/H anti-
porter activity by cycloheximide and actinomycin D suggests
that transcription and translation are required. However, the
synthesized protein may not be the Na/H antiporter but,
rather, could be a regulatory protein. In Aplysia sensory neu-
rons, long-term regulation of K-channel activity requires pro-
tein synthesis, but the synthesized protein appears to be a regu-
latory protein rather than the K channel per se (41). To exam-
ine this issue in the present studies, we examined the effect of2
h PMA on the abundance of the mRNA corresponding to the
Na/H antiporter gene of Sardet et al. (25). It is presently unre-
solved whether this cDNA encodes the apical membrane Na/H
antiporter of proximal tubule cells, and recent evidence sug-
gests that it may not. Epithelial apical membrane Na/H anti-
porters are amiloride resistant, whereas the "housekeeping"
Na/H antiporters present in nonpolar cells and epithelial baso-
lateral membranes are amiloride sensitive (42). The Na/H anti-
porter of Sardet et al. (25) is present in fibroblasts and is ex-
pressed as an amiloride-sensitive Na/H antiporter (43). In ad-
dition, a second Na/H antiporter gene has recently been cloned
from a rabbit intestinal cDNA library (43). Thus, it seems
likely that the gene cloned by Sardet et al. encodes the house-
keeping Na/H antiporter and that there may be a separate gene
for the renal apical membrane Na/H antiporter, possibly simi-
lar to the rabbit intestinal antiporter.

In proximal tubule and renal cell lines, acid incubation in-
creases the activities of both amiloride-sensitive and -resistant
Na/H antiporters (18, 44). Acid incubation of renal cells also
causes an increase in abundance of the mRNA corresponding
to Sardet's clone (18). In the present studies, application of
PMA for 2 h caused a two- to threefold increase in Na/H anti-
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porter mRNA abundance 4 h later. Thus, at least one Na/H
antiporter mRNA is regulated by PMA. This response is simi-
lar to that seen with chronic acid incubation. Further studies
are required to examine whether mRNA corresponding to the
other Na/H antiporter genes is also regulated and define the
roles of Na/H antiporter protein synthesis versus synthesis of
regulatory proteins. The current results do not address the ques-
tion of whether the observed increase in mRNA abundance is
due to increased rates of transcription or increased message
stability.

Protein kinase C has been demonstrated to regulate expres-
sion of a number of different genes. A number of consensus
sequences present in the 5' flanking regions of these genes have
been found to mediate this regulation of gene expression (45-
47). Most commonly, protein kinase C activation of genes is
mediated by binding of AP-1, or fos/jun dimers, to an AP-1
binding site in the regulatory region of the gene (45). We have
recently found that the promoter/enhancer region of the gene
for the human Na/H antiporter contains three consensus se-
quences for AP- 1 binding sites (48).

Chronic activation of protein kinase C with high concentra-
tions of phorbol esters leads to downregulation of protein ki-
nase C (49). This raises the question of whether effects of
chronic protein kinase C activation are physiologically rele-
vant. However, it is likely that physiological activation of pro-
tein kinase C is not ofsufficient magnitude to eliminate protein
kinase C activity. Our observed effect of chronic PMA applica-
tion is due to protein kinase C activation rather than downreg-
ulation, as it is blocked by sphingosine. If protein kinase C
downregulation were responsible for the chronic increase in
Na/H antiporter activity, one would expect that sphingosine
inhibition would mimic the effect.

Baum and Hays (50) and Wang and Chan (35) found that
application of PMA for > 15 and > 30 min, respectively,
caused inhibition ofHCO3 absorption in the perfused proximal
tubule. It is difficult to reconcile their results with ours, but the
explanation may reside in differences in the experimental pro-
tocol (timing ofPMA addition and removal). In addition, it is
possible that perfused tubules do not synthesize proteins nor-
mally. Lastly, since these authors measured HCO3 absorption
rather than Na/H antiporter activity, it is possible that their late
effect was due to inhibition of another transporter (NaK-AT-
Pase, Na/3HCO3 cotransporter, H-ATPase).

Similar to the effect of chronic protein kinase C activation,
chronic incubation (24-48 h) of proximal tubule cells in acid
media leads to an increase in Na/H antiporter activity that is
dependent on transcription and translation and is associated
with increased abundance of mRNA for the Na/H antiporter
(17, 18, 44). In preliminary results, we have found that this
increase in antiporter activity is blocked by inhibition of pro-
tein kinase C (51). Together with the present results, this sug-
gests that protein kinase C activation may play a major role in
the adaptation to chronic acidosis. In addition, high renal corti-
cal diacylglycerol levels have been found in hyperfiltration, a
condition also associated with chronic increases in Na/H anti-
porter activity ( 12).

In summary, the present studies show that short-term acti-
vation of protein kinase C leads to acute transient activation of
the Na/H antiporter that is independent of transcription and
translation, whereas more long-term activation of protein ki-
nase C leads to a chronic persistent increase in Na/H antiporter
activity that is dependent on transcription and translation.

This latter chronic effect may play a role in the increase in
Na/H antiporter activity seen in chronic acidosis, chronic K
deficiency, and chronic hyperfiltration.
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