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Summary. We have analyzed the mechanism of Na*-dependent
pH; recovery from an acid load in A6 cells (an amphibian distal
nephron cell line) by using the intracellular pH indicator 2'7'-
bis(2-carboxyethyl)5,6 carboxyfluorescein (BCECF) and single
cell microspectrofluorometry. A6 cells were found to express
Na*/H*-exchange activity only on the basolateral membrane:
Na*/H"-exchange activity follows simple saturation kinetics with
an apparent K,, for Na* of approximately 11 mm; it is inhibited
in a competitive manner by ethylisopropylamiloride (EIPA). This
Na'*/H"*-exchange activity is inhibited by pharmacological activa-
tion of protein kinase A (PKA) as well as of protein kinase C
(PKC). Addition of arginine vasopressin (AVP) either at low
(subnanomolar) or at high (micromolar) concentrations inhibits
Na*/H*-exchange activity; AVP stimulates IP; production at low
concentrations, whereas much higher concentrations are required
to stimualte cAMP formation. These findings suggest that in A6
cells (i) Na*/H*-exchange is located in the basolateral membrane
and (ii) PKC activation (heralded by IP; turnover) is likely to be
the mediator of AVP action at low AVP concentrations.

Key Words Na*/H*-exchange - protein kinase A - protein
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Introduction

Na*/H"-exchange activity has been found in practi-
cally all cell types and is known to serve
“housekeeping’’ functions, including defense of cell
pH, participation of control of cell proliferation and
in control of cell volume [for review see: 13, 15,
18, 42]. In epithelial cell systems, Na*/H*-exchange
serves additional functions, e.g., in transcellular
transport of NaCl and NaHCO;. These specific epi-
thelial functions require polarized expression of
Na*/H*-exchange activity or at least some ‘‘spe-
cial”’ control/properties of dually located (apical vs.
basolateral) exchange activities. For kidney tubular
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epithelia, for example, apical and/or basolateral lo-
cation of Na"/H"-exchange activity has been de-
scribed: apical Na*/H*-exchange, found mainly in
the apical (brush border) membrane of the proximal
tubules, serves tubular reabsorption of NaCl and
NaHCO;; basolateral Na*/H"-exchange, found in
some specific parts of the proximal tubule (mainly
S; of superficial nephrons and entire proximal tubule
of juxtameduallary nephrons) as well as in all other
nephron segments, may serve mainly ‘‘housekeep-
ing’’ functions [for review see: 1, 13, 22, 38].

Tissue culture cells of renal epithelial origin
(mostly proximal tubular) have been useful in study-
ing the polarized expression of Na®/H"-exchange
allowing for a characterization of its kinetic features
(e.g., sensitivity to inhibition by amiloride ana-
logues) and for studies of its regulatory properties.
Such studies provided evidence for apical location
of Na*/H"-exchange [e.g., OK-cells: 21, 31], baso-
lateral location of Na™/H*-exchange [MDCK-cells:
43, 50; compare with: 34; LLC-PK-cells: 30] as well
as dual location of Na*/H"-exchange (LLC-PK,-
PKE,y-cells: 8,9, 10, 19; MCT-cells: 32]. With re-
spect to amiloride sensitivity, above studies indi-
cated that apically located Na*/H"-exchange is
more resistant to inhibition than basolaterally lo-
cated activity [8, 9, 10, 19; for review see: 13]; on
the other hand, above studies also indicated, that
apical activity is inhibited by activation of protein
kinase C whereas basolaterally located Nat/H™-ex-
change activity is stimulated [8, 9, 10, 21, 32]. It
must be assumed at present that these different prop-
erties of apically and basolaterally located activities
are most likely related to different forms of the Na*/
H*-exchanger molecule; the basolateral form seems
to correspond to the ““housekeeping’’ form structur-
ally identified by Pouysségur and colleagues; the
apical or brush border membrane Na*/H'-ex-
changer seems to be not yet structurally identified
[29, 41, 44; for review see: 13, 22, 38].

In the present study we have used A6 cell mono-
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layers to study the cellular location of Na*/H™-ex-
change and its control by vasopressin. A6 cells are
of amphibian origin and serve as a model for tight
distal tubular epithelia; they are sensitive to aldoste-
rone and to vasopressin [14, 20, 25, 35, 36, 39, 40].
This present study is the first to report basolateral
location of Na®™/H"-exchange in this cell line and to
show inhibition of this transport activity by vaso-
pressin. We provide evidence that the vasopressin
effect may be related to hormone-dependent activa-
tion of both, protein kinase A and protein kinase C
regulatory pathways.

Materials and Methods

CeLL CULTURE

A6 cells were obtained from B.C. Rossier (Institute of Pharmacol-
ogy of Lausanne, Switzerland) at serial passage 78. All experi-
ments were carried out on passages 80-100. Cells were grown at
28°C in a humidified atmosphere containing 5% CO, in a modified
HAM amphibian medium [36]) supplemented with 5% fetal bovine
serum (Amimed). Cells were subcultured every 7-10 days; an
isotonic NaCl solution (240 mOsm; see below) containing 0.1%
trypsin and 1 mm EGTA was used for subculturing.

SOLUTIONS

Cells were removed from culture and initially placed in a medium
(Na medium) resembling the culture medium in its ionic content
and osmolarity (240 mOsm), containing (in mm): 110 NaCl, 3 KCI,
1CaCl,, 1 KH,PO,, 0.5 MgS0,, 5 glucose and 10 HEPES buffered
with Tris to a final pH = 7.5. A Na*-free medium was made by
replacing Na* with tetramethylammonium (TMA medium). In
some experiments Na and TMA media were blended together in
order to give intermediate Na* concentrations. All solutions were
without added bicarbonate; to manipulate intracellular pH, cells
were exposed to either Na or TMA medium to which NH, C1 (20
mM) was added.

INTRACELLULAR pH MEASUREMENTS

Intracellular pH (pH;) was routinely examined in single A6 cells
within a confluent monolayer by using a microscope based fluo-
rometric method (see below). For experiments 2.5 x 10° cells/
cm? were seeded onto collagen-coated Teflon filters (Millicell-
CM; Millipore) attached to plastic coverslips having a 1.5 mm
hole in the center [filterslips; 30]. In this way, the cell monolayers
had access to medium from both sides of the filters. After seeding,
cells were returned to 5% CO, in 95% air at 28°C for 2 hr. Unat-
tached cells were then removed and filterslips returned to culture.
Cells formed a confluent monolayer within 3-4 days and were
used for experiments 1-3 days after confluency. For measure-
ments of pH;, confluent cell monolayers were loaded with BCECF
by exposure to 10 uM of the acetoxymethyl ester for 60 min at
room temperature in Na medium. This preincubation was carried
out in the presence of 25 uM probenecid to prevent dye from
leaking from the cells during the loading procedure. Cells on
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filters (filterslips) were then inserted into a chamber that allowed
independent superfusion of the apical and basolateral compart-
ments, as previously detailed [30, 31].

The computerized microfluorometer and the optical compo-
nents used for the measurements of the fluorescence of BCECF
emitted from single cells have been described previously [30].
These measurements were made in response to 7-msec pulses of
light from a 75 W Xenon lamp. Sequential excitation of the dye
was carried out using two band pass filters: 390 to 440 nm and
475 to 490 nm. The resultant fluorescent emissions (515-565 nm)
were corrected for cellular autofluorescence. Calibration of
BCECF fluorescence vs. a given pH; was performed with the
nigericin-high-K* technique, as described previously [31].

Cycric AMP DETERMINATION

Hormone-dependent formations of cyclic AMP (cAMP) were
measured essentially as previously described [10]; the procedure
is based on a competition protein binding assay [6]. A6 cell mono-
layers grown on collagen coated filter inserts were treated for 5
min with vasopressin in the presence of 1 mM isobutylmethylxan-
thine (IBMX).

INnosiTOL (1,4,5)-TRIPHOSPHATE (IP;)
MEASUREMENTS

IP, measurements in cells grown on filter inserts were performed
essentially as described previously [10]; the procedure is based
on a competition protein binding assay [5, 33]. Cells on filter
inserts were incubated with culture medium containing 20 uM
LiCl for 20 min, in order to inhibit dephosphorylation of inositol
phosphates. This medium was removed and replaced with culture
medium containing 20 uM LiCl and the hormones, as given in the
Results section. Cells were incubated for an additional 20 sec,
prior to the additional procedures required for IP; determinations
[10].

STATISTICS

Significance was determined using a two-tailed t-test for paired
or unpaired data. A value of P < 0.05 was assumed to indicate a
significant difference. All values are presented as means * SE.

CHEMICALS

BCECF-AM was purchased from Molecular Probes (Eugene,
OR). EIPA (ethylisopropylamiloride) was obtained from Dr. G.
Burckhardt (Frankfurt) and was added to solutions from a 20-mm
stock solution in dimethylsulfoxide (DMSO). Arginine vasopres-
sin (AVP) was added in the respective salt solution, forskolin in
ethanol and TPA in DMSO; these compounds were obtained from
Sigma Chemical (St. Louis, MO). Cyclic’[HIAMP ([*H]cAMP)
and [*Hlinositol (1,4,5)-triphosphate ([*H]InsP;) were obtained
from New England Nuclear (Switzerland). Culture materials were
from Amimed (Switzerland) and GIBCO (Switzerland).

ABBREVIATIONS

HEPES: 4-(2-hydroxyethyl)-1-piperazine ethane-sulfonic acid;
EIPA: ethylisoproylamiloride; pH;: intracellular pH; cAMP:
adenosine 3'5'-cyclic monophosphate; TPA: phorbol 12-myris-
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Fig. 1. Na* dependence and polarity of pH; recovery from an
acid load in A6 cell monolayers. An acid load was imposed by
exposing cells to Na medium containing 20 mm NH,CI for an
interval of 4-5 min, prior to changing to TMA medium (sodium-
free medium). After an additional 5-6 min, the apical (4) or
basolateral (B!) cell compartment was perfused with Na medium
or TMA medium as indicated in the figure. As shown, the addition
of basolateral Na medium is sufficient to initiate a pH, recovery.

tate 13-acetate; EGTA: ethylene glycol-bis (8-amino-
ethylether)-N,N,N’,N'-tetraacetic acid; Tris: 2-amino-2 hy-
droxymethylpropane-1,3-diol; BCECF-AM: 2'7’-bis(2-carboxy-
ethyl)-5,6-carboxyfluorescein acetoxymethyl ester; IPy: inositol
(1,4,5)-triphosphate; AVP: arginine vasopressin, TMA: tetra-
methylammonium.

Results

POLARIZED RECOVERY OF INTRACELLULAR pH
FROM AN AciDp LoaD

The steady state intracellular pH (pH,) of A6 cells
examined by microspectrofluorometry averaged to
7.3 £ 0.2 (n = 28). This pH; value was recorded with
Na*-containing solutions (Na medium) as perfusates
on both sides. To test for the presence of a Na*/H*-
exchange activity, we monitored the recovery of pH;
from an acid load. For this purpose the cell interior
was acidified by using the NH,CI prepulse tech-
nique, commonly employed to acidify the cell inte-
rior and thereby to activate Na*/H"-exchange [4].
Figure 1illustrates the time course of a typical exper-
iment in which we examined the sidedness of the
Na*-dependent pH; recovery in single A6 cells. Data
presentation starts immediately after the replace-
ment of Na medium containing 20 mm NH,Cl with
TMA medium. After a brief (4 min) exposure to
20 mm NH,CI, A6 cells remained acidified in the
presence of TMA medium on both sides. The addi-
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tion of 110 mm Na™ to only the apical side induced
practically no pH; recovery, while Na* added to
the serosal side produced a rapid pH; recovery
(pH/min = 0.294 = 0.019; n = 22), reflecting the
activity of a sodium-dependent acid extruding trans-
port system at the basolateral membrane. To further
substantiate basolateral location of the Na*-depen-
dent acid extrusion system we also have made lim-
ited experiments on cells grown on the same filter
support material, but analyzed in a routine spec-
trofluorometer employing a specially designed per-
fusion cuvette [24]. Also in this experimental set
up we have only seen basolateral location of Na*-
dependent proton extrusion (data not shown).

EFFECT OF ETHYLISOPROPYLAMILORIDE (EIPA)

To examine whether the basolateral Na*-induced
pH, recovery was due to a Na"/H*-exchange activ-
ity, we analyzed for an effect of EIPA, a specific
inhibitor of Nat/H"-exchange [e.g., 49]. In these
experiments pH; recovery in response to the addi-
tion of 110 mm Na* to the basolateral surface of the
monolayer was analyzed both in the absence and
presence of 5 um EIPA (Fig. 2). To allow compari-
son of control and experimental pH;-recovery rates,
cells were verified to show reproducible rates of
Na*-dependent pH; recoveries after repeated acidi-
fications. The results of Fig. 2 demonstrate that 5
uM EIPA completely inhibited the Na*-dependent
pH; recovery and suggest that it was entirely due to
the operation of Na*/H*-exchange. Similar obser-
vations were made with the perfusion cuvette sys-
tem (data not shown).

Na*-CONCENTRATION-DEPENDENCE OF pH;
RECOVERY AND EIPA INTERACTION

The Na*-activation Kinetics of the basolateral Na*-
dependent pH; recovery process are illustrated in
Fig. 3. As shown, with increasing external Na* con-
centrations, the rate of cytosolic pH; recovery
showed simple saturation kinetics (Fig. 3). The dou-
ble-reciprocal plot of the data is shown in the inset
of Fig. 3. The values fit a straight line giving an
apparent K,, for Na® of 11.13 = 1.27 mM and a
maximal rate of recovery, V,,,, of 0.355 + 0.013
pH/min.

The inhibitory effect of the amiloride analogue
EIPA on Na'-dependent pH, recovery was further
analyzed at 2 uM and at three different Na* concen-
trations (5, 14, and 110 mMm). As demonstrated in
Fig. 4, the EIPA inhibition was released in a dose-
dependent manner as the Na' concentration in-
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Fig. 2. Effect of 5 uM EIPA on basolateral
Na*-dependent pH;, recovery. Experimental
procedures are identical to those described in
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Fig. 3. Na*-dependency (saturation) of the
pH; recovery. Rates of pH, recovery from an
NH,-induced acid load (for details see Fig. 1)
were measured in response to S mm (n = 7),
10mM(n=235),14mmM(n =3),20mM (n =
3), 40 mM (n = 1) and 110 mM (n = 14) Na*t
in the basolateral perfusion medium. To
examine the effect of a series of different Na
. concentrations within one monolayer, cells
were repeatedly acidified to the same acid
intracellular pH value. Na* activation of
basolateral Na*/H"-exchange obeyed
Michaelis-Menten kinetics. The Lineweaver-
Burk plot of the data is reported in the inset;
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creased. These data suggest that Na* may compete
with EIPA for access to the exchanger and are con-
sistent with known properties of the Na*/H"-ex-
change system [for review see: 13, 23].

EFFECT OF PHARMACOLOGICAL ACTIVATION OF
ProTEIN KINASE C (PKC) AND PROTEIN KINASE
A (PKA)

The role of protein kinase C was evaluated using
TPA (phorbol 12-myristate 13-acetate), a well-
known activator of the protein kinase C regulatory
pathway [11]. The basolateral Na*-dependent pH;
recovery was measured in response to 14 mm Na™,
both in the absence and in the presence of 100 nm
TPA. We chose to analyze the pH, recovery in re-
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sponse to TPA at a sub-maximal Na* concentration
in order to better observe a variation in the rate of
recovery. A 20-min preincubation period with TPA
induced an approximately 40% inhibition of the Na*/
H*-exchange activity (from 0.103 = 0.019 to
0.058 + 0.01 pH/min; pH; recoveries, before and
after TPA treatment, respectively, n = 4). In order
to exclude that this effect was related to downregula-
tion of PKC, the time of TPA preincubation was
reduced to 3 min. (Fig. 5). In this condition the
magnitude of inhibition of Na*/H*'-exchange was
approximately the same as observed with the longer
(20 min) period of preincubation (the control Na*-
dependent pH; recovery of 0.079 = 0.004 decreased
to 0.048 * 0.004 pH/min in the presence of TPA,
n = 3).

To evaluate the role of an activation of cAMP-
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Fig. 4. Inhibition of Na*/H"-exchange by 2 um EIPA. A6 cell
monolayers were acidified by the NH,-prepulse technique to a
pH; ranging from 6.2 to 6.3. Measurements of pH; recovery of
single cells from this acid load were analyzed in response to 5, 14,
and 110 mM Na*, respectively, both in absence and in presence of
2 uM EIPA. Each column represents the mean * SE of at least
three determinations. Note that the percentage of inhibition ob-
served at 110 mm Na* in the presence of EIPA (29%) was signifi-
cantly different (P < 0.001) from that observed at 14 mmM Na*
(72%). () Control; B 2 um EIPA.

dependent protein kinase A in the regulation of baso-
lateral Na*/H*-exchange activity, we analyzed for
an effect of forskolin, an activator of the adenylate
cyclase (28]. Figure 6 illustrates the effect of 10 um
forskolin on the ability of the A6 cells to recover
from an acid load in the presence of serosal Na™.
We found that 3 min of preincubation with 10 um
forskolin significantly inhibited the serosal pH, re-
covery in response to 14 mm Na* (0.095 = 0.003 and
0.072 = 0.003 pH/min before and after forskolin
treatment (n = 3, 24% inhibition, P < 0.001)). A
longer period of forskolin preincubation increased
the magnitude of inhibition: the rate of Na*-depen-
dent pH, recovery was 0.111 = 0.016 in the control
condition and decreased to 0.076 = 0.012 pH/min (n
= 4,33% inhibition, P < 0.001) when 10 uM forskolin
was present for 20 min in both compartments before
inducing the pH; recovery.

EFFECT OF VASOPRESSIN ON Nat/H*-EXCHANGE
AcTtiviTy IN A6 CELL MONOLAYERS

A6 cell monolayers, when grown on permeable sup-
port, are known to express receptors for vasopressin
(AVP) coupled to adenylate cyclase [39]. Thus, it
was of interest to analyze for an effect of AVP on
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Na*/H"-exchange activity. The pH, recovery in re-
sponse to the basolateral addition of 14 mM Na* was
analyzed first in the presence of the vehicle of the
vasopressin, and then after 10 min of preincubation
with 1071 M AVP (Fig. 7). The magnitude of inhibi-
tion after 10-min exposure to the hormone was about
40% and approximately the same when AVP prein-
cubation was reduced to 2 min (data not shown).

To examine the dose dependency of the sensitiv-
ity of A6 cell monolayers to AVP, we analyzed Na*/
H*-exchange activity in the presence of several AVP
concentrations (Table), following the same experi-
mental protocol as described in Fig. 7. Surprisingly,
as shown in the Table, the percentage of inhibition
induced by vasopressin was almost the same at both
the relatively high pharmacological concentrations
(107%to 107 M) and at more physiological concentra-
tions (1072 m; 10~ m). Similar findings on AVP
inhibition of basolateral Na*/H*-exchange in A6
cells were also observed in a cuvette perfusion sys-
tem allowing for population measurements [24; data
not shown).

CAMP AND IP; INTRACELLULAR LEVELS IN
RESPONSE TO VASOPRESSIN

Since we found that pharmacological activation of
either PKC or PKA mimics the AVP effect on the
Na*/H"-exchange activity (see above), it was of
interest to determine the levels of the intracellular
messengers cCAMP and IP; as induced by AVP in
order to clarify the transducing mechanism em-
ployed by the hormone to inhibit Na*/H"-exchange
activity in A6 cell monolayers.

In Fig. 8 the levels of the intracellular messen-
gers cCAMP (Fig. 84) and IP; (Fig. 8B) induced by
various concentrations of AVP are reported. As
shown in this figure, AVP caused an increase both in
cellular cAMP and in IP, levels in a dose-dependent
manner. However, [P, production induced by sub-
namolar concentrations of AVP was considerable
(six times with respect to the basal level at 10712 M
AVP), whereas cAMP generation was barely detect-
able at a tenfold higher AVP concentration (107!
M).

Discussion

A6 toad kidney epithelial cells in culture have been
used previously as a model system for studies of
the regulation of sodium transport in the distal
nephron. Although the characteristics of the epithe-
lial sodium transport and its regulation have been
widely defined [20, 25, 27, 36, 45], the identity
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Fig. 5. Effect of 100 nmM TPA preincubation
on Na*-dependent pH; recovery. Paired
measurements of initial rate of pH; increase,
induced by addition of 14 mM basolateral Na™
to acid-loaded cells in the absence or
presence of TPA, were performed on cells
which were repeatedly acidified to the same
acid intracellular pH value. In the experiment
shown, acid loaded cells were incubated with

TPA from the apical and basolateral side for 3

min before pH; recovery was examined.

Addition of TPA leads to inhibition of Na*-
dependent pH; recovery.

Fig. 6. Effect of 10 uM forskolin on Na*-
dependent pH; recovery. Na*-dependent pH;
recovery in the absence and presence of
forskolin was assayed under conditions
identical to those used for the experiment
shown in Fig. 5. Forskolin was added to both

sides of the A6 cell monolayer 3 min before

the addition of Na*. Addition of forskolin

leads to inhibition of Na*-dependent pH;

recovery.

Fig. 7. Effect of 107'° M vasopressin on Na*/
H*-exchange. Initial rates of pH; recovery of
acid loaded cells under control and
vasopressin-stimulated condition were
assayed as described in Fig. 5. Cells were
exposed for 10 min to vasopressin (e.g.,
vasopressin was added to the perfusate during

an acid load imposed by application and

withdrawal of 20 mm NH,, and was present

thereafter). 1071 M vasopressin leads to
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Table. Effect of vasopressin on Na®/H* exchange activity in A6 cell monolayers

Hormone n Control Treated %
inhibition
concentration

pH/min pH/min
2-107%°M AVP (4) 0.137 = 0.006 0.073 = 0.013 47 = 10
2-107'M AVP 4) 0.094 = 0.007 0.047 = 0.005 50+ 4
2-107°M AVP 3) 0.120 = 0.013 0.070 = 0.012 2+ 6
21079 AVP “ 0.127 = 0.012 0.067 = 0.009 48 =+ 3
2-10712m AVP 2) 0.093; 0.075 0.030; 0.057 68; 44
2 - 107¥M AVP 2) 0.077; 0.096 0.028; 0.055 64; 43

Rates of Na*/H"-exchange activity in single A6 cells were obtained as described in Fig. 1. Rates of
pH; recovery caused by addition of 14 mM Na* either in control conditions or after about 10 min of
preincubation with vasopressin (for details of protocol, see Fig. 7) are presented. Values are means =
SE. % inhibition is calculated by taking the difference (control — treated) and using the comtrol value

as 100%.

and the location of the mechanisms by which
intracellular pH is regulated in A6 cells have not
been yet examined.

In the first part of this study, A6 cells grown to
confluency on a permeable support were examined
for polarized distribution and characteristics of the
Na*-dependent proton extrusion mechanism. Re-
covery of pH, from an acid load was examined in
bicarbonate-free solutions to minimize the likeli-
hood that Na*-dependent HCOj5 transport could be
responsible for the observed pH, changes. Micro-
spectrofluorometric studies using BCECF demon-
strate that the Na*-dependent mechanism involved
in pH, recovery from an acid load is confined to the
basolateral domain of A6 cells. Furthermore, the
EIPA sensitivity strongly suggested that this Na*-
dependent pH; regulation is due to operation of a
basolateral Nat/H*-exchanger. The basolateral lo-
cation of Na*/H"-exchange in A6 cells shows simi-
larities to the distal nephron location of Na*/H*-
exchange: in the cortical collecting tubule both the
principal cells and the B-intercalated cells display a
basolateral Nat/H*-exchanger [12, 51].

In the current study we also characterized some
qualitative aspects of Na*/H"-exchange inhibition
by the potent amiloride analogue ethylisopropylami-
loride (EIPA) [49]. We found that in A6 cells the
Na*/H*-exchanger is highly sensitive to EIPA; the
addition of 5 um EIPA to A6 cell monolayers was
sufficient to block completely the activity of the ex-
changer and the inhibition of Na*-dependent pH,
recovery by sub-maximal EIPA concentrations (2
uM) was reduced by increasing Nat concentrations,
suggesting competition of EIPA and Na* for binding
sites. The high sensitivity of Na*/H"-exchange to
inhibition by EIPA also suggests that the basolater-
ally located Na*/H"-exchange mechanism falls into

the category usually involved in housekeeping func-
tions [for review see: 13, 22, 38].

In the second part of the present study, we ana-
lyzed for an action of vasopressin on the basolater-
ally located Na*/H"-exchange activity in A6 cells.
Our data demonstrate that vasopressin, either at
(pharmacologically) high concentrations (107, 1077
M) or at (more physiologically) low concentrations
(10712 m; 107" M), is able to inhibit the Na*/H™-
exchanger. These results differ from those obtained
for AVP action on Na*/H"-exchange in other prepa-
rations [e.g., 3, 16; for review see: 13} in which AVP
appears to stimulate the Na™/H*-exchange activity.
It is of interest to note, however, that Ganz et al.
{16] in mesangial cells, as well as Berk et al. {3] in
cultured vascular smooth muscle cells, found that a
transient hormone induced acidification followed by
subsequent alkalinization. Moreover, recently, in
LLC-PK,/PKE,, cells we found that AVP is able, in
the same cell, to stimulate the basolateral and to
inhibit the apical Na*/H*-exchange activity [10].
The EIPA-sensitivity of the A6 exchanger suggests
a close functional homology to the LLC-PK,/PKE,,
basolateral Na*/H*-exchanger and to the human fi-
broblast exchanger [for review see 13]. It is therefore
possible that the difference in AVP response of Na*/
H*-exchangers may vary with the cell type of
context.

Previous studies regarding the effect of phorbol
ester in modulating the Na*/H*-exchange activity
have also yielded “‘conflicting’’ results [for review
see: 13]: For example, activation of protein kinase
C resulted in a stimulation of the Na*/H*-exchange
activity in isolated brush border membranes of renal
proximal tubule fe.g., 52]. On the other hand, a phor-
bol ester induced (protein kinase C mediated) inhibi-
tion of apically located Na*/H*-exchange was found
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Fig. 8. Effect of various concentrations of vasopressin on the
generation of cAMP (4) and IP; (B). For cAMP determinations
(A) A6 cell monolayers were exposed-to varying concentrations
of vasopressin for 5 min in the presence of 1 mM IBMX. For the
IP; determinations (B) monolayers were incubated with various
concentrations of vasopressin for 20 sec. Levels of internal mes-
sengers were determined as described in Materials and Methods.
Values are means =+ st for three replicates of a representative
experiment. * = NS; all the other conditions resulted in significant
effects (P < 0.05) as compared to controls.

in some renal cell lines [8, 10, 21, 32]. In the current
study we found that pharmacological activation of
protein kinase A (forskolin) as well as of protein
kinase C (phorbol ester) led to an inhibition of Na*/
H*-exchange activity up to 40%. We can exclude
that the inhibition of Na*/H"-exchange activity in
A6 cell monolayers was a result of the downregula-
tion of PKC because the same magnitude of inhibi-
tion was also observed after a short time of treatment
(2 min).

The vasopressin-induced inhibition of the Na*/
H*-exchange activity in A6 cells cannot be related
to a mechanism not directly related to the Na™/
H*-exchanger, such as to a reduced Na*-dependent
driving force for the serosal antiporter in conse-
quence to an apical Na* permeabilization induced
by the hormone. We observed the same extent of
inhibition of basolateral Na*-dependent pH; recov-
ery either when the hormone was present in Na
medium for 4 min and then in TMA medium for an
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additional 4 min before inducing the pH; recovery
(see Fig. 7), or when the hormone was added directly
to Na*-free medium only 2 min before the measure-
ment (data not shown). Similarly, we can exclude
the possibility that the inhibitory effect of AVP on
the rate of pH, recovery is related to an activation
of an acid accumulating process, since in the present
study we never observed an AVP-effect on pH;.
Therefore, our results strongly suggest that the ef-
fect of AVP on Na*-dependent pH; recovery is re-
lated to a direct action of the hormone on the Na*/
H*-exchanger mediated by an intracellular messen-
ger cascade system such as an increase in cAMP
production and/or by a stimulation of phosphatidyl-
inositol breakdown.

In many AVP-sensitive tissues, including mes-
angial cells [e.g., 37, 48], the urinary bladder of the
toad [26] and the rabbit cortical collecting duct [2,
7, 171, AVP has been demonstrated to stimulate
phosphoinositide hydrolysis in addition to the stimu-
lation of the adenylate cyclase. Also in cultured renal
epithelia vasopressin stimulation of both adenylate
cyclase and phospholipase C has been reported {10,
46, 47]. We also measured the AVP-dependent stim-
ulation of both cAMP and IP; production in A6 cells.
The dose-dependent AVP-induced stimulation of
both cAMP and IP; production indicates that in A6
cells the effect of AVP on the Na*/H*-exchanger
could be mediated by either or both of the two dis-
tinct signal transduction mechanisms (adenylate cy-
clase and/or the phospholipase C message system).
However, the observation that AVP stimulated IP;
production (a marker of protein kinase C activation)
at a concentration far lower than that required for
cAMP production (Fig. 8), suggests that AVP at
physiological (subnanomolar) concentrations could
regulate Na*/H*-exchange via a mechanism involv-
ing protein kinase C. Recent studies regarding the
ability of AVP to promote phosphoinositide hydroly-
sis and cAMP production in rat inner medullary col-
lecting tubules also reported that AVP significantly
stimulated IP, production at concentrations well be-
low those necessary for stimulation of cAMP pro-
duction [47].

In summary, these studies provided a first
examination of the location and the kinetic charac-
teristics of the Na'/H'-exchange activity in A6
cells. We found that A6 cells express a Na*/H-
exchange only on the basolateral membrane. This
Na™/H"-exchange activity is inhibited by the acti-
vation of PKA and PKC and by the addition of
vasopressin. The physiological significance of the
AVP action, the role of PKC and PKA, as well as
the possible involvement of calcium in regulating
the Na*/H"-exchange activity require further eluci-
dation.
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