
Cyclic Adenosine Monophosphate Acutely Inhibits and Chronically
Stimulates Na/H Antiporter in OKPCells
Adriana Cano, Patricia Preisig, and Robert J. Alpern
Department of Internal Medicine, University of Texas Southwestern Medical Center, Dallas, Texas 75235-8856

Abstract

Parathyroid hormone, dopamine, a-adrenergic catecholamines,
and angiotensin II regulate renal Na excretion, at least in part
through modulation of acute cyclic (c)AMP-induced proximal
tubule Na/H antiporter inhibition. The present studies exam-
ined the effect of chronic increases in cell cAMPon Na / H
antiporter activity in OKP cells. Whereas 8-bromo cAMP
acutely inhibited Na/H antiporter activity, chronic application
for 6 h led to a 24% increase in Na/H antiporter activity mea-
sured 16-20 h after cAMP removal. This chronic persistent
activation of the Na/H antiporter required > 2 h exposure.
This effect was not a nonspecific effect of 8-bromo cAMP, in
that addition of forskolin or forskolin + 3-isobutyl-1-methyl-
xanthine for 6 h also led to a chronic persistent increase in
Na/H antiporter activity. Inhibition of protein synthesis with
cycloheximide prevented 8-bromo cAMP-induced Na/H anti-
porter stimulation. Although 8-bromo cAMP addition de-
creased cell pH by 0.15-0.20 pH U, Na/H antiporter stimula-
tion could be dissociated from cell acidification. In summary,
while cAMP acutely inhibits Na/H antiporter activity, it
chronically increases antiporter activity. This chronic activa-
tion occurs with exogenous addition or endogenous generation
of cAMP. These results imply that for hormones that modulate
renal Na excretion and proximal tubule Na / Hantiporter activ-
ity via cAMPand protein kinase A, acute effects may not pre-
dict chronic effects. (J. Clin. Invest. 1993. 92:1632-1638.) Key
words: cyclic AMP* Na/H antiporter - protein kinase A * pro-
tein synthesis - OKPcells

Introduction

The apical membrane Na/H antiporter of the proximal tubule
mediates a significant component of renal Na absorption.
Many hormones and neurotransmitters that regulate renal Na
excretion do so by regulating this Na/H antiporter. In many
cases, this regulation is believed to occur through modulation
of adenylyl cyclase and secondary inhibition of the Na/H anti-
porter by cAMP-dependent protein kinase ( 1, 2). Parathyroid
hormone (PTH)' and dopamine inhibit the Na/H antiporter
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1. Abbreviations used in this paper: BCECF, 2',7'-bis(2-carboxyethyl)-
5-(and -6)carboxyfluorescein; IBMX, 3-isobutyl-1-methylxanthine;
pHi, cytoplasmic pH; PTH, parathyroid hormone.

at least in part by activating adenylyl cyclase (3-8), and a-
adrenergic catecholamines and angiotensin II stimulate the an-
tiporter in part by inhibiting adenylyl cyclase (9-1 1 ). Studies
demonstrating this regulation have of necessity been short
term, examining the acute effects of agonist addition. How-
ever, chronic changes in hormone levels are more physiologi-
cally relevant. Tissue culture offers a setting in which chronic
regulation can be studied in the absence of complicating
changes in hemodynamics, nerve activity, and hormone levels.

The purpose of the present studies was to compare the
acute and chronic effects of cAMPon the Na/H antiporter.
Studies were performed in OKPcells, a clone of an opossum
kidney cell line with many characteristics of the proximal tu-
bule ( 12). These cells have been used extensively to study regu-
lation of the Na/H antiporter by cAMP(7). The present re-
sults demonstrate that while acute application of cAMP in-
hibits the Na/H antiporter, chronic increases in cAMP
stimulate the Na/H antiporter. This latter effect is inhibited by
cycloheximide, and is not secondary to changes in cell pH.
These results imply that acute effects of PTH, dopamine, angio-
tensin II, and a-adrenergic catecholamines on renal Na excre-
tion and proximal tubule Na/H antiporter activity may not
predict chronic effects.

Methods

Cell culture. OKPcells (gift from Dr. K. Hruska) are a clonal subline of
the opossum kidney (OK) cell line, originally described by Cole et al.
(12). OKPcells were passaged in DME(4.5 mg/ml glucose) supple-
mented with 100 U/ml penicillin, 100 ,g/ml streptomycin, and 10%
FCS. For experimentation, OKPcells between passages 45 and 55 were
grown to confluence on glass coverslips, rendered quiescent by serum
deprivation for 48 h, and then studied.

Measurement of intracellular pH and Na/H antiporter activity.
Continuous measurement of cytoplasmic pH (pHi) was accomplished
using the intracellularly trapped pH-sensitive dye 2',7'-bis(2-carbox-
yethyl)-5-(and -6)carboxyfluorescein (BCECF). Cells were loaded
with the acetoxymethyl ester of BCECF(10 MM) for 35 min at 37°C.
After washing, the coverslip was placed in a plastic cuvette in a com-
puter-controlled spectrofluorometer (8000C; SLM Instruments Inc.,
Urbana, IL) at a 300 angle to the excitation beam. pHi was estimated
from the ratio of fluorescence with excitation at wavelengths of 500 and
450 nm with emission at 530 nm (13, 14). Slit widths were 4 nm.
Background fluorescence was measured before dye loading and sub-
tracted from fluorescence intensity at each excitation wavelength. Cali-
bration of the BCECFexcitation ratio was accomplished using the ni-
gericin technique as described ( 13 ).

Na/H antiporter activity was assayed as the initial rate of Na-de-
pendent pHi increase after an acid load in the absence of C02/HCO3.
For this assay, Hepes-buffered solution contained (mM): 130 Na, 5.0
K, 1.1 Ca, 1.5 Mg, 140.2 Cl, and 30 Hepes. In Na-free solutions, Nawas
replaced with choline. All solutions were adjusted to pH 7.4 with N-
methyl-D-glucammonium hydroxide at 37°C. Cells were first bathed in
the Na-containing solution, and baseline pHi was measured. The bath
was then changed to a Na-free solution containing 13 MMnigericin for
4 min, which caused pHi to decrease to - 6.4. Nigericin was then
removed and the cells washed with 1%(wt/vol) dialyzed human albu-
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min for 2 min. Cells were then bathed in the Na-free perfusate for 30 s.
Subsequent addition of Na caused a rapid pH, recovery that is due to
the Na/H antiporter (15). The initial rate of this Na-dependent pHi
change (dpHi/dt) was calculated by drawing a tangent to the initial
deflection (over 20 s). In all studies, control and experimental cells
were from the same passage and were assayed on the same day.

To calculate buffer capacity, cells were pulsed with 10 mMNH4CI
in the Na-free perfusate (replacing choline chloride) at the trough pHi
(after washing out albumin). The pHi decrease caused by the removal
of NH4(ApH,) was used to calculate the cell buffer capacity (j3), using
the formula:

[NH4J
ApH,

where [NH4] was calculated from the pH, just before NH3/NH4 re-
moval, the extracellular [NH4 ], and the extracellular pH, as described
( 16 ). Buffer capacity was not affected by any of the experimental ma-
neuvers (data not shown). Therefore, Na/H antiporter activity is ex-
pressed as dpHi/dt.

For the measurement of pH, during control and cAMPincubation,
cells were bathed in CO2/HCO3-containing solutions similar to the
incubation culture media but without phenol red and vitamins.

All chemicals were obtained from Sigma Chemical Co. (St. Louis,
MO) unless otherwise noted as follows: penicillin and streptomycin
from Whittaker M.A. Bioproducts (Walkersville, MD); culture media
from GIBCOBRL(Gaithersburg, MD); and BCECF-AMfrom Molec-
ular Probes, Inc. (Eugene, OR). 8-Bromo cAMPand forskolin were
dissolved in ethanol and 3-isobutyl-l-methylxanthine (IBMX) was
dissolved in DMSO. In all studies, vehicle was diluted 1: 1,000 and was
also added to control cells.

Statistics. Data are reported as mean±SEM. Statistical significance
was assessed using the unpaired Student's t test or analysis of variance
(ANOVA), where appropriate.

Results

cAMPacutely inhibits and chronically stimulates Na/H anti-
porter activity. In the first series of experiments, we examined
the acute effect of cAMP on the Na/H antiporter. 10-4 M
8-bromo cAMPor vehicle was applied to OKPcells for 45 min,
and Na/ H antiporter activity assayed as the rate of Na-depen-
dent pHi recovery from an acid load. In agreement with pre-
vious studies (7), 8-bromo cAMPacutely inhibited Na/H an-
tiporter activity by 31% (Fig. 1 ) .
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Figure 1. 8-Bromo cAMPacutely inhibits Na/H antiporter activity.
8-Bromo cAMPor vehicle was applied to OKPcells for 45 min and
Na/H antiporter activity examined. The y-axis shows Na/H anti-
porter activity assayed as the initial rate of Na-dependent pH, recov-
ery from an acid load. Control, n = 4; cAMP, n = 5.
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Figure 2. 8-Bromo cAMPchronically stimulates Na/H antiporter
activity: typical tracing. OKPcells were treated with either l0-4 M
8-bromo cAMPor vehicle for 6 h, and then studied 16-20 h after
removal of the agent. Cells were acidified by addition of nigericin at

I min. Nigericin was removed 4 min later and albumin added for
2 min. Sodium was then added - 30 s after albumin removal, and
Na/H antiporter activity was assessed as the initial rate of increase in
cell pH.

To examine the effect of chronic increases in cAMP, 10-4
M8-bromo cAMPor vehicle was applied to OKPcells for 24 h.
Somewhat unexpectedly, chronic exposure to 8-bromo cAMP
caused Na/H antiporter activity to increase by 23% (dpHi/dt
= 1.35±0.08, control [ n = 7 ] vs. 1.66±0.05, cAMP [ n = 8 ]; P
< 0.005). These results suggested that the acute and chronic
effects of cAMPare opposite in direction.

To study the chronic effect of cAMPin the absence of any
acute effects, l0-4 M8-bromo cAMPor vehicle was applied to
OKPcells for 6 h and then removed. On the next day, 16-20 h
after removal of 8-bromo cAMP, Na/ H antiporter activity was
measured. Fig. 2 shows a typical tracing, and Fig. 3 shows mean
results. cAMP-treated cells demonstrated a 24% increase in
Na/H antiporter activity. Once again, this increase is opposite
in direction to that observed with acute application of cAMP.
Fig. 4 shows results with 1, 2, and 6 h of 8-bromo cAMPappli-
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Figure 3. 8-Bromo cAMPchronically stimulates Na/H antiporter
activity. OKPcells were treated with either 10-4 M8-bromo cAMP
or vehicle for 6 h, and then studied 16-20 h after removal of the
agent. y-axis is as described in Fig. 1. Control, n = 17; cAMP. n = 17.

Cyclic AMPChronically Stimulates Na/H Antiporter 1633

n nrA

1



E 1.5

C,,

CLI 1

._

X. 0.5--o

NS

1
Control

p<0.01

NS

2

I

6

Duration of cAMPAddition, h

Figure 4. 8-Bromo cAMPchronically stimulates Na/H antiporter
activity: time course. OKPcells were treated with 8-bromo cAMPfor
1, 2, or 6 h, after which Na/H antiporter activity was assayed 16-20
h later. y-axis is as described in Fig. 1. Control, n = 1 1; 1 h, n = 1 1;
2h,n=9;6h,n= 11.

cation. Once again, Na/H antiporter activity was measured
16-20 h after removal of 8-bromo cAMP. As can be seen, only
the 6-h timepoint achieved statistical significance.

To examine the possibility that this chronic effect may rep-
resent a nonspecific effect of 8-bromo cAMP, we examined
other methods of raising cell cAMPconcentration. Fig. 5 shows
results with l0-4 M8-bromo cAMP, 10-5 M forskolin, and
l0-1 Mforskolin plus 2 mMIBMX. In all cases, agents were
applied for 6 h, and Na/H antiporter activity measured 16-20
h after removal. 8-Bromo cAMPcaused a 52% increase in Na/
H antiporter activity, forskolin caused a 32% increase, and
forskolin plus IBMX caused a 51% increase in Na/H anti-

porter activity. Thus, either exogenous administration or en-
dogenous generation of cAMPcauses a chronic persistent in-
crease in Na/H antiporter activity.

Chronic cAMPactivation of the Na/H antiporter is inhib-
ited by cycloheximide. To inhibit protein synthesis, 100 ALM
cycloheximide was added to the cell cultures 1 h before and
during cAMP or vehicle addition, and during the following
16-20 h before antiporter assay. This dose of cycloheximide
inhibited [3H]leucine incorporation by 94% in OKP cells;
lower concentrations of cycloheximide were not as effective in
inhibiting protein synthesis in these cells. As can be seen in Fig.
6, cycloheximide inhibited basal Na/H antiporter activity and
inhibited the cAMP-induced increase in antiporter activity.
The effect on basal rates is most likely due to protein turnover,
but nonspecific effects cannot be ruled out. These results sug-
gest that protein synthesis is required for chronic activation,
but do not determine whether the protein synthesized is the
Na/H antiporter.

cAMP-induced Na/H antiporter activation is not second-
ary to cell acidification. Weand others have previously shown
that chronic decreases in extracellular and intracellular pH
cause a protein synthesis-dependent increase in Na/H anti-
porter activity in a number of renal cell lines ( 14, 15, 17). We
reasoned that acute inhibition of the Na/H antiporter by
cAMPcould lead to cell acidification, which could secondarily
cause the chronic increase in Na/H antiporter activity. To ex-
amine this possibility, the effect of lO-4 M8-bromo cAMPon
pHi was examined in the presence of C02/HCO3-containing
media. Fig. 7 shows that cAMPacidified the cells by 0.15-
0.20 pH U, and that this effect persisted throughout the 6-h
incubation. This cell acidification is likely due to Na/H anti-
porter inhibition, and suggests that inhibition persists for 6 h.

We next examined the effect of decreasing extracellular
fluid pH by 0.3 pH U. Whenculture media was acidified for 24
h and then antiporter activity measured, Na/H antiporteractiv-
ity was increased 66% in acid incubated cells (Fig. 8). These
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Figure 5. Exogenous and endogenous cAMPchronically stimulate
Na/H antiporter activity. OKPcells were incubated with either l0-4
M8-bromo cAMP, 10-5 Mforskolin, or 10-5 Mforskolin + 2 mM
IBMX for 6 h. Na/H antiporter activity, assayed 16-20 h after re-

moval of the agents, is plotted on the y-axis as described in Fig. 1.
Control, n = 7; 8 Br cAMP, n = 6; FK + IBMX, n = 5.
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Figure 6. Cycloheximide blocks 8-bromo cAMP-induced chronic
Na/H antiporter stimulation. Cells were treated with 8-bromo cAMP
or vehicle for 6 h, and Na/H antiporter activity was assayed 16-20
h later. Cycloheximide-treated cells were incubated with 100 uM cy-

cloheximide starting 1 h before 8-bromo cAMPaddition, and re-

maining until Na/H antiporter activity was assayed. y-axis is as de-
scribed in Fig. 1. Control, n = 6; cAMP, n = 6; CHX, n = 8; CHX
+ cAMP, n = 8.
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Figure 7. 8-Bromo cAMPacidifies OKPcells. OKPcells were incu-
bated with 8-bromo cAMPor vehicle for 1, 2, or 6 h. Baseline pHi,
plotted on the y-axis, was measured under the same conditions as the
incubation, in the presence of C02/HCO3-containing media. 1 h:
control, n = 4; cAMP, n = 5. 2 h: control, n = 5; cAMP, n = 5. 6 h:
control, n = 5; cAMP, n = 5.

results confirm our previous observations with a similar proto-
col in OKPcells ( 15). Wenext examined whether incubation
of cells in acid media for 6 h, followed by 16-20 h of incubation
in control media (similar to the 8-bromo cAMPprotocol) was
sufficient to activate the antiporter. With this protocol, Na/H
antiporter activity was increased by 13% (Fig. 8). This latter
result suggests that cell acidification due to only 6 h of cAMP
exposure may be sufficient to chronically increase Na/H anti-
porter activity.

Wenext examined the effect of inhibiting cAMP-induced
cell acidification on cAMP-induced antiporter activation. Cells
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Figure 8. Acid incubation chronically stimulates Na/H antiporter
activity in OKPcells. OKPcells were incubated in control or acid
media (ApH = 0.3 pH U) ( 14, 15). (Left two bars) Cells were incu-
bated for 6 h and then were placed in control media for 16-20 h be-
fore assay of Na/H antiporter activity. (Right two bars) Cells were
incubated either in control or acid media for 24 h, and then placed
in control media for 1 h before assay of Na/ H antiporter activity. y-
axis is as in Fig. 1. 6 h: control, n = 15; acid, n = 14. 24 h: control,
n = 7; acid, n = 7.

were incubated either in control (pH 7.3) or alkaline media
(pH 7.6) for 6 h, either in the presence or absence of 8-bromo
cAMP. This was then followed by 16-20 h of incubation in
control media. Fig. 9 A shows the effect of these maneuvers on
pHi at 6 h. As can be seen, incubation in alkaline media in-
creased pHi, and incubation in cAMPdecreased pHi. The ef-
fects of alkaline media and cAMPwere additive. It should be
noted that the cells incubated in alkaline media with cAMP
(fourth bar) had a higher pHi than control cells (first bar).

Fig. 9 B shows results of Na/H antiporter activity assayed
16-20 h after the 6-h incubations described above. Compared
with controls, incubation in alkaline media had no effect on
Na/H antiporter activity. In addition, cAMPstimulated Na/H
antiporter activity in cells incubated in control or in alkaline
media. If one compares cells incubated in alkaline media and
treated with 8-bromo cAMP(fourth bar) with those incubated
in control media (first bar), it can be seen that in the former
group Na/H antiporter activity was increased while pHi during
incubation was increased. Thus, this increase in Na/H anti-
porter activity cannot be attributed to a decreased pH1. The
antiporter stimulation is also not attributable to the alkaline
media, in that this might be expected to inhibit the Na/H anti-
porter, and in fact had no measurable effect on the antiporter
(Fig. 9 B. first vs. third bars). Thus, in this setting where cAMP
incubation was not associated with a lower pHi, cAMPwas still
able to stimulate the Na/H antiporter. Therefore, we conclude
that increases in cell cAMPfor 6 h lead to an increase in Na/H
antiporter activity that is present 16-20 h after removal of
cAMP, and is independent of cell acidification. There is likely
an additional component of the cAMP-induced chronic Na/H
antiporter stimulation that is attributable to cell acidification.

Discussion

Weand others have shown that acute activation of adenylyl
cyclase or short-term exogenous administration of cAMP in-
hibits Na/H antiporter activity in proximal tubule cells, brush
border membrane vesicles, or OKPcells ( 1-7). In the present
study, we demonstrate that chronic increases in cell cAMPlev-
els for 6 h lead to a stimulation of the Na/ H antiporter, when
measured 16-20 h later. This effect was not evident after 1 or 2
h of 8-bromo cAMPexposure.

Many examples exist in biology whereby chronic activation
of a signaling pathway leads to chronic biological effects that
are qualitatively similar to acute effects, but occur by distinct
mechanisms. Wepreviously found in primary rabbit proximal
tubule cell cultures that activation of protein kinase C with a
5-min application of PMAacutely increased Na/H antiporter
activity, but did not affect Na/H antiporter activity measured
24 h later, whereas a 2-h application of PMAled to a persistent
increase in antiporter activity that was dependent on protein
synthesis ( 18). Similar results have been found in studies exam-
ining the cellular basis of memory in Aplysia sensory neurons.
Application of cAMPto these cells for 5 min led to a short-lived
inhibition of K channel activity, whereas a 2-h application of
cAMPcaused a persistent protein synthesis-dependent inhibi-
tion of K channel activity measured 24 h later ( 19, 20). The
present results are somewhat unique in that acute and chronic
increases in cAMP have opposite effects on the Na/H anti-
porter. The chronic stimulation does not represent an artifact
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Figure 9. 8-Bromo cAMP-in-
duced chronic stimulation of
Na/H antiporter activity is not
mediated by cell acidification.
OKPcells were incubated either
in vehicle, 10' M8-bromo
cAMP, alkaline media, or alka-
line media + lo-4 M8-bromo
cAMP for 6 h. A. pHi (y-axis)
was measured at the end of the
6-h incubation. (B) Na/H anti-
porter activity measured 16-20
h after incubation. y-axis is as in
Fig. 1. (A) Control, n = 7;
cAMP, n = 5; alkaline, n = 8;
alkaline + cAMP, n = 5. (B)
Control, n = 7; cAMP, n = 7;
alkaline, n = 8; alkaline
+ cAMP, n = 8.

of 8-bromo cAMP, in that similar results were obtained with a
6-h application of forskolin or of forskolin with IBMX.

The chronic effect of cAMPon the Na/H antiporter was
inhibited by cycloheximide, suggesting a dependence on pro-
tein synthesis. These studies do not address whether the protein
synthesized is the Na/H antiporter, or a regulatory protein.
Indeed, in Aplysia sensory neurons chronic regulation of K
channel activity is mediated by protein synthesis-dependent
changes in kinase activity (21 ). Chronic protein synthesis-de-
pendent stimulation of the Na/H antiporter by protein kinase
C in rabbit proximal tubule cells was associated with an in-
crease in NHE- 1 mRNA,which likely encodes the amiloride-
sensitive basolateral membrane Na/H antiporter in the proxi-
mal tubule ( 18).

In previous studies we were unable to detect NHE-1
mRNAexpression under basal conditions in OKPcells ( 15).
This is in contrast to most other renal tubuloepithelial cell lines
in which NHE- 1 expression is easily detected ( 15, 17, 18). To
examine whether chronic exposure to cAMPinduced expres-
sion of NHE-1 mRNA, we performed Northern blotting at
high stringency with the human NHE-1 cDNA probe (22).
NHE-l mRNAwas undetectable in poly(A)' RNAfrom con-
trol OKP cells or OKP cells treated with lO-4 M 8-bromo
cAMP for 6 h and then harvested 16-20 h later (data not
shown).

The Na/H antiporter in OKPcells is amiloride resistant,
and in this respect is similar to the proximal tubule apical
membrane Na/H antiporter (15). An Na/H antiporter iso-
form, NHE-3, whose mRNAis abundant in renal cortex, has
recently been cloned in rat and rabbit (23, 24). This may corre-
spond to the isoform present in OKPcells and allow molecular
studies of its regulation. Unfortunately, we have been unable to
detect NHE-3 mRNAin poly(A)+ RNAfrom any renal cell
line (OKP, LLC-PK,, MDCK,MCT, and a series of cell lines
generated in our laboratory from mice transgenic for SV-40
Large T antigen) using the rat cDNAprobe, although we have
detected NHE-3 mRNAin rat and rabbit renal cortical
poly(A)+ RNA. NHE-3 mRNAalso was not detected in
poly(A)+ RNAfrom OKPcells treated with 8-bromo cAMP
for 6 h and harvested 16-20 h later (data not shown). It is
presently not clear whether the amiloride-resistant Na/H anti-

porter of OKPcells is encoded by a distinct isoform or is en-
coded by an NHE-3 isoform that is undetectable by Northern
blotting because of interspecies divergence. While NHE-l has
been markedly conserved in evolution, this may not be the case
with NHE-3. Last, it is possible that levels of NHE-3 mRNA
expression in cultured cells are too low to detect by Northern
blot.

Weand others have previously shown that chronic incuba-
tion of primary rabbit proximal tubule cell cultures, MCTcells,
LLC-PK1, and OKPcells in acid media for 24-48 h leads to an
increase in Na/H antiporter activity that persists after the cells
are removed from acid media and is dependent on protein
synthesis (14, 15, 17). Because the response to chronic in-
creases in cAMPwas similar to the response to chronic acid
incubation, we asked whether they may occur through a com-
mon mechanism. Indeed, addition of 8-bromo cAMPfor 6 h
caused a decrease in pHi, likely secondary to phosphorylation-
induced inhibition ofthe Na/H antiporter. While this cell acidi-
fication likely contributes to the chronic stimulation of the Na/
H antiporter, it does not provide the entire explanation. When
cells were exposed for 6 h to cAMPwhile in alkaline media, cell
acidification was prevented and, in fact, pHi increased (com-
pared with controls). Nevertheless, Na/H antiporter activity
was still increased 16-20 h later. Thus, cAMPis able to chroni-
cally increase Na/H antiporter activity independent of cell
acidification. Wehave also found that acid-induced Na/H an-
tiporter activation cannot be attributed to chronic increases in
cAMP, as acid incubation decreases cAMPproduction in OKP
cells (unpublished observation).

Increases in cAMPcan regulate protein synthesis by a num-
ber of general mechanisms. Chronic regulation by cAMPcould
be transcriptional. Frequently, this occurs through protein ki-
nase A-induced phosphorylation of the cAMP response ele-
ment binding protein (CREB), modulating its ability to acti-
vate a cAMP response element (CRE) in the promoter/en-
hancer region of cAMP-responsive genes (25, 26). Indeed,
chronic regulation of K channels by cAMPin Aplysia sensory
neurons has been demonstrated to be mediated through CREB
(27). In addition to CREB, a number of other proteins have
been identified that can bind to the CREand potentially regu-
late transcription (28-30). Last, cAMPregulation of transcrip-
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tion can be mediated by activation of transcription factors bind-
ing to AP-1 (31, 32) or AP-2 (26, 33) binding sites. Wehave
recently found in MCTcells, a mouse proximal tubule cell line,
that cAMP increases the abundance of mRNAsencoding c-
fbs c-jun, and junB, components of AP- 1 (34). cAMPregula-
tion of protein synthesis may also occur through a posttran-
scriptional mechanism, but we are not aware of instances
where this has been found. Last, increases in cAMPmay modu-
late other signaling pathways that may regulate protein synthe-
sis transcriptionally or posttranscriptionally.

The opposing acute and chronic effects of cAMPmay be of
significant physiologic importance. PTH, dopamine, ca-adren-
ergic catecholamines, and angiotensin II are believed to regu-
late proximal tubule Na/H antiporter activity at least in part
through regulation of adenylyl cyclase, cAMP, and protein ki-
nase A. However, this is based on studies that have examined
only the acute effects of these hormones. The present studies
raise the possibility that chronic effects may be very different
from acute effects.

Evidence in favor of the importance of these findings is
derived from comparing the acute and chronic effects of PTH.
Whereas acute hyperparathyroidism inhibits proximal tubule
acidification and apical membrane Na/H antiporter activity
(3-6, 35, 36), chronic hyperparathyroidism causes metabolic
alkalosis and increases in renal acidification (37-39). In fact,
in human subjects acute increases in PTHcause metabolic aci-
dosis while chronic increases cause metabolic alkalosis (39).
The acute Na/H antiporter inhibition is believed to be me-
diated by cAMP (3-7). Chronic increases in PTH may in-
crease renal acidification by stimulating H secretion in seg-
ments other than the proximal tubule, or by increasing proxi-
mal tubule H secretion through mechanisms other than
cAMP-induced regulation of the Na/ Hantiporter. The present
studies raise the intriguing possibility that the converse effects
of acute and chronic hyperparathyroidism may be due to time-
dependent changes in the effect of cAMPon Na/H antiporter
activity.
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