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In the present study in GH,C, cells, the dependence of TRH-induced activation of Na* /H *-exchange on extracellular Na* and
Ca** was examined. Furthermore, the effects of both extracellular and intracellular H* on Na*/H*-exchange were investi-
gated. The buffering capacity was 63 + 11.8 mM (pH unit) ™' at basal intraccllular pH (pH,) of 7.02 + 0.02. The initial rate of
alkalinization in cells acidified with nigericin increased with increasing concentrations of extracellular Na* according to simple
Michaclis-Menten kinetics. The apparent K -value for Na* was 53 + 17.5 mM and the V,, value was 28 + 4.5 mM H*/min.
Addition of Na* together with TRH increased ¥, to 56 -+t 6.4 mM H*/min (P < 0.05), while no difference was observed in
K. Decreasing extracellular pH (pH,) decreased the rate of alkalinization of acid-loaded cells, despite a large inward Na*
gradient. Furthermore, a decrease in pH; was necessary to obtain activation of Na*/H™" exchange. At pH -values close to basal
pH, no activation of Na*/H *-exchange was obtained. In addition, the results showed that extracellular Ca?* was necessary for
TRH-induced activation of Na*/H* exchange. Blocking influx of extracellular Ca?* with Ni®* abolished the effect of TRH,
suggesting that the TRH-induced activation of Na*/H*-exchange in GH,C, cells is dependent on influx of extracellular Ca**.

Introduction

In most cell types, including GH ,C, cells [1,2], intra-
cellular pH (PH,) is maintained in part by an elec-
troneutral membrane-associated Na*/H *-exchange
mechanism (see Ref. 3). Activation of Na*/H™-ex-
change has been shown to occur in response to osmotic
shrinkage, an increase in intracellular free Ca®*
([Ca%*])), or activation of protein kinase C (PKC) (see
Ref. 3). A multitude of cellular processes appears to be
dependent on pH;. Changes in pH; are probably im-
portant in inducing proliferation and differentiation
and in regulating cell volume [4]. Recent studies also
suggest, that changes in pH; may have a regulatory
function on Ca?* sequestration and release [5-7].

Stimulating GH ,C, cells with TRH rapidly hydroly-
ses phosphatidylinositol-4,5-bisphosphate to inositol-
1,4,5-trisphosphate (IP;) and diacylglycerol [8,9]. 1P,
has been shown to release sequestered intracellular
Ca?* [10,11], and diacylglycerol to activate protein
kinase C (PKC) [12]. Both an increase in intracellular
Ca?* ([Ca**],) and activation of PKC are important
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activators of Na*/H *-exchange in GH,C, cells [1,2].
Although several reports on the regulation of pH; in
GH C, cells have been published [1,2,13,14], no char-
acterization of the basic properties of the antiport have
been made. This should be of importance, considering
the apparently complex interaction between [Ca®*];
and pH; in GH,C, cells [2,15]. Furthermore, knowl-
edge of the basic kinetic behaviour of the exchanger is
important in understanding the mechanism of activa-
tion of the antiport. Thus, in the present study, the
kinetic properties of the TRH-induced activation of
Na*/H*-exchange were determined. Furthermore, the
results show that TRH-induced influx of extracellular
Ca?* is of importance in activating Na*/H *-exchange
in GH,C, cells.

Materials and Methods

Materials. BCECF-AM was obtained from Molccu-
lar Probes (Eugene, OR, USA). TRH, digitonin and
nigericin were from Sigma (St Louis, MO, USA). All
flasks and dishes used for the cell culture were from
Nunc Plastics (Kamstrup, Denmark).

Cell culture. Clonal rat pituitary GH,C, cells were
grown in monolayer culture in Ham’s F 10 Nutrient
Mixture with 15% (v/v) horse serum and 2.5% fetal
bovine serum in a water-saturated atmosphere of 5%
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CO, and 95% air at 37°C, as described previously
[16,17]. Before an experiment, the cells from a single
donor culture were harvested with 0.1% trypsin and
subcultured in 100-mm culture dishes for 7-9 days.
The cells were fed every 2-3 days and always the day
before an experiment.

Measurement of pH;. The method for measuring pH;
in GH,C, cells has been described [1]. In brief, the
cells were harvested in Hepes-buffered salt solution
(HBSS, containing in millimolar concentrations: NaCl,
118; KCl, 4.6; glucose, 10; CaCl,, 0.4; Hepes 20.0 (pH
7.2)) lacking CaCl, and containing 0.02% EDTA. The
cells were washed twice in Ca®*-containing HBBS and
incubated for 35 min at 37°C with 5§ uM bis(carboxy-
cthyl)-carboxyfluorescein-AM (BCECF-AM). pH, was
determined fluorometrically with a Hitachi F2000 fluo-
rometer (Hitachi, Tokyo, Japan) using an excitation
wavelength of 500 nm and an emission wavelength of
530 nm. At the end of the experiment, the signal was
calibrated by lysing the cells with digitonin and measur-
ing the fluorescence at known pH values. To correct
for the red shift in the spectrum of BCECF induced by
calibrating BCECF in an extraccllular solution, cells
were incubated in a high K* buffer and known pH
values were imposed across the plasma membrane us-
ing the K*/H* ionophore nigericin. The cells were
then lysed with digitonin and a new calibration curve
constructed [18). The calibration curves were lincar
over the pH range between 6.4 and 7.2.

Buffering capacity. The intracellular buffering capa-
city B; was determined from the changes in pH, in-
duced by challenging the cells with NH;/NH, using
20 mM NH,CI [19]. B; was calcuiated from the formula

B;=A(NH;),/4pH,

where A(NHJ), is the amount of intraccllular NH,
formed and ApH, is the measured change in pH,. For
calculation of AINH});, (NH,), was assumed to equal
(NH,), and pK, 9.24 was used. The =zcid extrusion
rate (J,;+) was calculated as the product of the rate of
pH; recovery and the buffering capacity [20].

Statistics. The results are expressed as the mean +
S.E. Each experiment was repeated at least four times,
with at least three different batches of cells. Statistical
analysis was made using Student’s t-test for paired
observations. Three ur more means were tested using
analysis of variance.

Results

Intracellular buffering capacity B; of GH-cells

Addition of 20 mM NH,Cl induced a rapid alkalin-
ization in pH;, due to influx of NH, (not shown). This
initial alkalinization then declined towards basal levels,
probably due to influx of NH} [21]. In the present

report, the initial increase in pH; was used for calculat-
ing B;. At the basal pH-value of 7.02 + 0.02, B, was
calculated to be 63 + 11.8 mM (pH unit)~! (Fig. 1,
n=4), a value comparable with results obtained in
other cell types [19]. The dependence of B; on pH, was
investigated in cells acidified by addition of nigericin (1
ng/ml final concentration). The dependence of B; on
pH, is shown in Fig. 1.

Kinetics of Na™*/ H *-exchange in GH,C, cells

Previous studies have shown, that GH,C, cells have
a functional Na*/H*-exchange mechanism [1,2,13)
However, the kinetic propertics of this exchange have
not been determined. Addition of Na* to cells acidi-
fied by preincubation with nigericin [22] rapidly in-
creased pH;. The effect of Na* was dose-dependent,
showing simple Michaelis-Menten kinetics (Fig. 2A).
Addition of TRH together with Na™* to the cell suspen-
sion enhanced the alkalinization. The Lineweaver-Burk
plot of the data is shown in Fig. 2B. The values for
Na* only and Na* together with TRH both fit a
straight line. The apparent K, -value was 53 +17.5
mM (n=5) for Na* and 71 + 8.8 mM (n = 5) for Na*
together with TRH. The V,, ,-value for Na* was 28 +
45 mM H*/min and for Na* together with TRH
56 + 6.4 mM H*/min (P < 0.05).

Inhibitory effect of amiloride on Na*/H * exchange in
GH,C, cells

Incubating the cells with 100 uM amiloride slowly
lowered basal pH;, indicating that some Na*/H *-ex-
change activity was present in unstimulated cells (data
not shown). Activation of Na*/H*-exchange in cells
acidified with nigericin was inhibited in a dose-depen-
dent manner by amilorice (Fig. 3). The IC,-vaiue for
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Fig. 1. Intracellular buffering capacity g8, in GH,C 1 cells. BCECF-

loaded cells were challenge< with 20 mM NH ,Cl at basal pH; (7.0),

or after acidification with nigericin (final concentration 1 pg/ml).
Each value is the mean + S.E. of 4-6 determinations.
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Fig. 2. Dependence of Na* /H *-exchange on extracellular Na™ in
GH ,,C, cells. BCECF-loaded cells were acidified with nigericin (final
concentration 1 ug/ml), washed and resuspended in choline * buffer.
(A) Cose-dependent effect of Na* (#) and Na* together with 100
nM TRH (D) on pH;. (B) Lineweaver-Burk plot of the data in A.
Each point is the mean + S.E. of five or six experiments.

inhibiting both the Na*-induced alkalinization and the
alkalinization obtained with Na™* together with TRH
was approx. 10 uM.

Dependence of TRH-induced activation of Na*/H *.
exchange on extracellular and intracellular pH in GH,C,
cells

Several studies have indicated that H* might com-
pete with Na* for binding to the extracellular binding
site on the antiporter [23,24]. Fig. 4A shows the effect
of extracellular pH (pH,) on TRH-induced activation
of Na*/H*-exchange in cells acidified with nigericin to
6.4+ 0.05. At low pH,, close to pH;, Na*/H"-ex-
change was almost totally inhibited, although a large
inward Na* gradient was present. The results in Fig.
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Fig. 3. Inhibitory effect of amiloride on Na* /H *-exchange in GH,,C,

cells. BCECF-loaded cells were acidified as described in Fig. 2. The

cells were incubaied with the appropriate concentration of amiloride

for 1 min and 80 mM Na* (@), or 80 mM Na* together with 100

nM TRH () was added and the change in pH; was measured. Each
point is the mean + S.E. of 4-6 determinations.
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Fig. 4. Dependence of Na* /H *-exchange activity in GH ,C, cells on
extracellular and intracellular pH. BCECF-loaded cells were acidi-
fied as described in Fig. 2. (A) The cells were resuspended in
choline* buffer at the appropriate extracellular pH (pH,,). Then 80
mM Na* (B), or 80 mM Na* together with 100 nM TRI! () was
sdded and the change in pH; was measured. (B) The cells were
acidified s described in Fig. 2 to different pH -values. Then 8¢ mM
Na* (@), or 80 mM Na* together with 100 nM TRH (0) was
added and the change in pH; was measured. Each point is the
mean + S.E. of 4-7 determinations.
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4B show the c¢ependence of TRH-induced activation of
Na*/H*-exchange on pH;. At values close to basal
pH;, no activation of the exchange can be detected.

Effect of extracellular Ca*>* and Ni** on TRH-induced
activation of Na*/ H *-exchange in GH,C, cells

In a previous report, we showed that the TRH-in-
duced activation of Na*/H™* exchange was decreased
in a Ca?*-free buffer [2]. The blunting effect of Ca®*-
free buffer on TRH-induced activation of Na*/H*-ex-
change is shown in Fig. SB (compare to control in Fig.
5A). Furthermore, addition of 1 mM Ni?* totally abol-
ished the TRH-induced activation of Na*/H*-ex-
change (Fig. 5C). The effect of the vehicle is shown in
Fig. SD. The dose-dependent cffects of extracellular
Ca?* and Ni** on TRH-induced activation of
Na*/H*.exchange arc shown in Fig. 6.

To test, whether Ca®* per se¢ could activate
Na*/H*-exchange, 10 mM Ca** was added to acidi-
fied cells. This addition had no effect on Na*/H*-ex-
change (data not shown). Furthermore, addition of the
dihydropyridine Ca** antagonist nimodipine did not
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Fig. 5. Effect of extracellular Ca®* on TRH-induced activation of
Na* /H‘-exchange in GH,C, cells. The cells were acidified with
nigericin (final concentration 1 pg/ml) as prevnously described (2).
Addition of 100 nM TRH to cells in: (A) Ca® *-containing buffer; (B}
Ca? -free buffer containing 100 uM EGTA; {C) addition of 2 mM
Ni2* prior to nigericin and TRH: (D) addition of vehicle (Veh).
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Fig. 6. Dose-dependent effect of extracellular Ca** and Ni** on
TRH-induced activation of Na* /H’ -exchange in GH,C, cells. The
cells were acidificd in nominally Ca? *-free bufter coniaining 100 uM
EGTA as described in Fig. 5. (A) The appropriate concentration of
extracellular Ca®* was added to the cell suspension together with
100 nM TRH and the change in pH; was measured. (B) The
appropriate dose of Ni** was added prior to stimulating the cells
with 100 nM TRH and the change in pH; was measured. Each point
is the mean + S.E. of five determinations.

inhibit TRH-induccd activation of Na*/H *-exchange
in acidified cells (data not siiown). Taken together, the
data indicate that influx of extracellular Ca®* through
a non-dihydropyridine Ca**-channel is necessary for
the TRH-induced activation of Na*/H *-exchange in
GH.C, cells.

Discussion

In the present report, the basic properties of the
TRH-induced activation of Na*/H*-exchange was
characterized in GH ,C, cells. The basic characteristics
of the Na*/H *-exchange were similar in GH,C, cells
to that observed in other cell systems [23,25,26). De-
creasing pH, decreased Na*/H*-exchange in acid-
loaded cells, suggesting that H*-ions compete with
Na™ for binding to the antiport and that a H *-gradient
must exist in addition to a inward directed Na-gradi-
ent. Furthermore, no activation of Na*/H *-exchange
was abserved in response to TRH at basal pH -levels,



although a large Na*-gradient was present in these
experiments.

Stimulating Na*/H *-exchange in acid-loaded cells
with TRH had a significant effect on the V, value,
compared with activation induced by Na* only. Mo
difference was seen in the apparent K, value. This
could be the result of an increased affinity of the
antiport for intracellular [H*] ((H;}']), as has been
suggested to occur in several other cell systems in
response to agonist-stimulation or osmotic shrinkage
[23,25,27]. This is suggested to induce an alkaline shift
in the pH;-dependence of the antiport [25]. This sug-
gestion is also supported by our recent study showing
that in osmotically stressed GH,C, cells TRH can
activate Na*/H*-exchange at basal pH, levels [13].
However, TRH had no effect on basal pH; and a very
low effect on Na*/H *-exchange when pH; was close
to basal levels, arguing against a shift in the pH-de-
pendence. The results thus suggest, that in GH,C,
cells, an intracellular acidification is necessary for acti-
vation of Na®/H*-exchange. The increase in [H]
then probably affects the regulatory site on the an-
tiport. TRH may enhance the binding of H* to either
the transport site or the regulatory site on the antiport.
Furthermore, the IC, value for amiloride was approxi-
mately of the same magnitude when Na*/H*-ex-
change was activated with Na™ only and with Na*
together with TRH, suggesting that TRH did not affect
the external binding site on the antiport. However,
more detailed investigations on the regulatory effect of
TRH on both intracellular and extracellular binding
sites for Na* and H* on the antiport are obviously
needed.

The present study also showed that extracellular
Ca®* had a significant effect on the TRH-induced
activation of Na*/H *-exchange. We have recently re-
ported that a transient increase in [Ca®*], can activate
Na*/H*-exchange [2]. Furthermore, depletion of
intracellular Ca®* stores with ionomycin decreased the
TRH-induced activation of exchange. The results in
the present report suggest that, not only release of
sequestered intracellular Ca*, but also influx of extra-
cellular Ca®* is of importance in the TRH-induced
activation of Na*/H *-exchange. In several other cell
types, like Swiss 3T3 cells [28] and WS-1 fibroblasts
[29), a transient increase in [Ca®*]; is sufficient to
activate Na*/H*-exchange. In addition, influx of ex-
tracellular Ca?* is needed for agonist-induced activa-
tion of Na*/H*-exchange in rat parotid acinar cells
[30].

The mechanistic effect of Ca’?* on Na*/H™-ex-
change in GH,C, cells is presently unknown. In a
recent report by Kimura et al. [26], an increase in
[Ca?*]; was proposed to induce an alkaline shift in the
cytosolic set point for activation of Na*/H *-exchange
in platelets. The effect of Ca®>* may be due to activa-
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tion of a Ca?*-calmodulin pathway, as has been pro-
posed to occur in smooth muscle cells [31], or to a
direct effect of extracellular Ca®* on the antiport, Our
present study failed to observe an effect of extracellu-
lar Ca?* per se on Na*/H*-exchange, in agreement
with earlier studies [32,33]. However, considering the
potent Na*/Ca®*-exchange in GH,C, cells [34,35), an
interaction between this system and Na*/H *-exchange
can not be ruled out.

The TRH-induced activation of Na*/H *-exchange
has been considered to be mediated via iwo mecha-
nisms in GH,C, cells: activation of PKC [1] and an
increase in [Ca®*]; [2]. Activation of Na*/H*-ex-
change via PKC is probably dependent on phospho-
rylation of the antiport [36] and in GH,C, cells the
PKC-induced activation seems to be independent of
extracellular Ca®* [2]. Stimulation of the cells with
TRH increases [Ca®*), via two mechanisms: release of
sequestered intracellular Ca** and influx of extracellu-
lar Ca?* via activation of dihydropyridine-sensitive
voltage operated Ca®* channcls, and a presently un-
characterized dihydropyridine-insensitive pathway [11,
15,37]. TRH-induced influx of extracellular Ca®* via
the dihydropyridine-insensitive pathway can, however,
be inhibited with Ni®* [38]. In the present report,
inhibiting dihydropyridine-sensitive Ca?* channels did
not decrease TRH-induced activation of Na*/H*-ex-
change, whereas Ni®* inhibited thc TRH-induced acti-
vation of the antiport in a dose-dependent manner.
However, the present experimental design cannot ex-
clude the possibility that Ni?* may have a direct in-
hibitory effect on the antiport molecule. The results
thus seem to indicate that, in GH,C, cells, influx of
extracellular Ca2* through a dihydropyridine-
insensitive pathway is also necessary for the TRH-in-
duced activation of Na*/H *-exchange in addition to
release of sequestered Ca%* and activation of PKC.
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