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Characterization of Na*/H* exchange in FRTL-5 thyroid cells.
Evidence for dependence on activation of protein kinase C
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Na*/H" cxchange activity was mvcsugalcd in cultured rat thyroid follicular FRTL-5 ccils using the pH sensitive dye
2',7"-bis(car 5(6)-carb in (BCECF). Basal intraccllular pH (pH;) was 7.13+0.10 in cclls incubated in
Hepes-buffered saline soluuon The intracellular buffering capacity §; was determined using the NH (Cl-pulse method, yiclding a
B; value of 85 + 12 mM/pH unit. The ionship between flular Na* and the initial rate of alkalinization of acid-loaded
cells showed simpic saturation kinctics, with an appareat K., valuc of 44 + 26 mM, and an V,,, value of 0.3+ 001 pH
unit/min. The agoms(-mduccd activation of Na*/H* exchange was investigated in cells acidified with nigericin. Addition of

12-0: d bol 13

tate (TPA) or ATP induced rapid cytosolic alkalinization in .md loadcd cells. The action of
both TPA and ATP was abolished by preincubating the cells with 100 @M amiloride, by Tul
equimolar concentrations of choline *, and by pretreating the cclls with TPA for 24 h. Chelating lul

Na* wnh

Ca®*, or

intracellular Ca** pools dnd not al‘fcct the ATP-mduccd alkalinization. The results indicate, that FRTL-S cells have a functional

Na*/H* exch Furth
Introduction
It is ; 1 idered, that the lation of

intracellular pH (pH,) is of crucial importance in regu-
lating several cell functions, including cell growth and
differentiation [1], and modification of release of intra-
cellular sequestered Ca®* [2,3]. One important regula-
tor of pH; is the Na*/H* exchange mechanism.
Na*/H* exchange can be activated via several path-
ways: activation of protein kinase C (PKC) [1], an
increase m mtracellular free Ca?* [4-6], via activation
of cal [7,8], orani ini llular cAMP
91

In thyroid cells, the transport of iodide (I7) is of
central importance. Previous studies have shown, that
I~ is cotransported with Na* into the cells [10]. This
lransport is dependent on the Na* gradient over the
cell and on extracellular pH. Furthermore,
in a recent report, accumulation of intracellular I~ was
associated with a rapid acidification of pH;,, suggesting
a relationship between regulation of pH; and uptake of
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of protcin kinase C activity is of importance in activating the antiport.

1~ in FRTL-S cells [11]. However, no characterization
of the Na*/H* exchange was made. In the present
study in FRTL-5 cells, we have investigated the impor-
tance of Na*/H™ exchange in the regulation of pH; in
FRTL-5 cells. In additicn, we have investigated the
possible mechanism of activation of the antiporter. Our
results show, that stimulation of protein kinase C is an
important pathway in the activation of the Na*/H*
exchange in FRTL-S cells.

A preliminary report on these findings has been
presented [12].

Materials and Methods

Materials

Culture medium, serum and hormones needed for
the cell culture were purchased from Gibco (Grand
Island, NY, USA) and Sigma (St. Louis, MO, USA).
Culture dishes were obtained from Falcon Plastics
(Oxnard, CA, USA). Nigericin, monensin, TPA, and
ATP were purchased from Sigma. Bis(carboxy-
ethyl)carb hyl ester (BCEC-
F-AM) was purchased from Molccular Probes, Inc.
(Eugene, OX. USA), and ionomycin from Calbiochem
(San Diego, CA, USA). All other chemicals used were
of reagent grade,
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Cell culture

Rat thyroid FRTL-5 cells were a generous gift of
Dr. Leonard D. Kohn (NIH, Bethesda, MD). The cells
were grown in Coon’s modified Ham's F 12 medium,
supplemented with 5% calf scrum and six hormones
[13] (6H: insulin, 10 pg/ml; transferrin, S pg/ml;
hydrocortisone, 10 nM; the tripeptide Gly-1-His-1-Lys,
10 ng/ml; TSH, 1 mU /ml; somatostatin, 10 ng/ml). In
some experiments, TSH was omitted from the medium
(5H). The cells were grown in a water-saturated atmos-
phere of 5% CO, and 95% air at 37°C. Before an
experiment, cells from one donor culture flask weie
harvested with a 0.25% trypsin solution, and plated
onto 100-mm culture dishes. The cells were grown tor
7-8 days before an experiment, with two or three
changes of the culture medium. Fresh medium was
always added 24 h prior to an experiment.

Measurement of pH;

The method for measuring pH; in FRTL-5 cells was
essentially similar to that previously described for
GH,C, cells [6,14]. In brief, the ceils were harvested
with Hepes-buffered salt solution (HBSS; containing in
millimolar concentrations: NaCl, 118; KCl, 4.0; glucose,
10; CaCl,, 1.0; Hepes, 20.0; pH 7.2) without CaCl,, but
containing 0.02% EDTA and 0.01% trypsin, washed
twice in CaCl-containing HBBS, and incubated for 35
min at 37°C with 5 uM of BCECF-AM. pH; was
determined fluorometrically with a Hitachi F2000 fluo-
rometer, using an excitation wavelength of 500 nm, and
an’ emission wavelength of 530 nm. The dye leakage
from the BCECF-loaded cells was less than 10% in 30
min. At the end of the experiment, the signal was
calibrated by lysing the cells with digitonin and measur-
ing the fluorescence of known pH values. To correct
for the red shift in the spectrum of B(,ECF induced by
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Fig. 1. intraceiluiar buffer capacity in FRTL-S cells. (A). The cells

were challes with 20 mM NH Cl at basal pH;. (B). Comparis

of the change in pH, in response to 20 mM NH,Cl at basal pH; (),

or after acid-loading the cells 10 6.930.03, using a 40 mM NH Cl
prepulse ().

Statistics

The results are expressed as the mean + S.E.
The ApH; was calculated as the change in pH;
(PH urier acaiiom — PHipetore addivion) during 1 min after
addition of agonist. The traces shown are representa-
tive traces from each group of experiments. Statistical

calibrating BCECF in an lution, cells
were incubated in a high-K* buffer, zad known nH
values were imposed inside the cells by using 10 zg/mi
of the K*/H" ionophore nigericin. The cells were
then lysed with digitonin and a new calibration curve
constructed [15). The calibration curves were lincar
over the pH range between 6.4 and 7.2.

Bu]'fenng capacity

The i {lul buffering Bi was detcr-
mined from the ch in pH; d by ch
the cells with NHJ /NH, usmg 20 mM NH CI [16]. B;
was calculated from the formula

B; = ANH{, /4pH,

where ANH; is the amount of intracellular NHJ
formed, and 4pH; is the mzasured change in pH;.

1 was made using Student’s r-test for paired
obscrvations.

Results

Intracellular buffer capacity B;

To determine B, the cells were challenged with 20
mM NH,Cl (Fig. 1). The calculated value for 8; was
84+ 7 mM/pH unit. In cells acidified to 6.9 +0.03
with 40 mM NH CI using the pre-pulse method [17],
the calculated 8; valuc was 83 + 14 mM/pH unit (Fig.
.

Manipulation of pH;

The resting pH; in FRTL-5 cells was 7.13 £ 0.10
(n=63). Addition of 100 pM amiloride decreased
basal pH; 0.12 +0.02 unit. Furthermore, substituting
extracellular Na* with equimolar concentrations of
choline* slowly lowered pH; to 6.89 + 0.21 (P < 0.05).
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Fig. 2. Effect of monensin on pH; in FRTL-S cells. (A). Stimulating the cells with 1 ¢M monensin in Na*
Addition of 80 (a), 40 (b), or 20 () mM Na* to cells acidified with 10 2 M monensin in choline *

To demoenstrate that removal of extracellular Na* re-
versed the Na*-gradient of the cells, the electroneutral
Nz*/H* ionophore monensin was tested (Fig. 2A).
Addition of 10 xM monensin to cells suspended in
choline* buffer decreased pH; 0.42 1+ 0.02 unit (Fig.
2B). Addition of Na* rapidly restored pH; to basal
values.

Dependence of Na*/H * exch on ex llular Na *

To examine the relationship between extracellular
Na* ard the activation of the Na*/H* exchange in
FRTL-5 cells, the cells were acid-loaded by preincuba-
tion with 20 mM NH Cl for 10 min, decreasing pH; to
6.50 + 0.01. Addition of Na* to the cells induced a
dose-dependent increase in the rate of alkalinization
(Fig. 3A). The rate of alkalinization increased accord~
ing to simple Michaelis-M ion ki A
Lineweaver-Burke plot of the data yielded an apparent
K, value of 44 £26 mM (n=35) for Na* and a V,,,
value of 0.3 + 0.10 pH unit/min (Fig. 3B). Amiloride
inhibited in a dose-d dent manner the
tion induced by addition of 80 mM Na* to acid-loaded
cells (Fig. 4).

Activation of Na*/H * exchange in FRTL-S5 cells
Na*/H* exchange may be activated via several
pathvays, including stimulation of PKC [1], an increase
in [Ca®*}; [6], and ion of cAMP production [9].
We could not detect any cnanges in basal pH; when
FRTL-5 cells were stimulated with 200 nM of the
phorbol ester TPA, 30 uM ATP, 100 uM Nal, or 10
mU/ml TSH (not shown). In addition, TSH had no
effect on basal pH; in cells incubated in SH for three
Jays (not shown). To further study the activation of the
Na*/H* exchange mechanism, it was thus necessary
to increase the intracellular acid load of the cells using
the K*/H* ionophore nigericin [6,18]. Addition of
nigericin (1 pg/ml) rapidly decreased pH; by 0.5-0.6
pH unit (Fig. 5). Addition of 10 mU TSH or 100 uM
Nal had no effect on pH; in acid-loaded cells (not
shown). However, addition of 200 nM TPA to these
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cells caused a rise in pH; of 0.03 + 0.01 pH unit(n=7)
within 1 min (Fig. 5B). This increase was significant
(P <0.05) compared with vehicle-treated cells (0.00
0.01, n = 4; Fig. 5A). To determine whether the in-
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Fig. 3. Dependence of Na*/H* exchange in FRTL-5 cells on

extracellular Na*, (A). The cells were acid-loaded using a 20 mM

NHCI, prepuhe in choline* mcdmm Addition of extracellular Na*

induced a d ion. (B). Li Burke plot

of the data in A, Each point gives the mean+S.E of five indepen-
dent experiments,
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Fig. 4. Inhibition by amiloride of Na*-induced aikalinization of
acid-loaded FRTL-5 cells. The cells were acid-loaded using o 40
NHCI prepulse in choline * medium. The cells were then incubated
with increasing doses of amiloride for 2-3 min, and 80 mM Na ™ was
added. Each point gives the meun +S.E. of five determinations.

crease in pH; induced by TPA was dependent on
activation of Na*/H™ exchange, the effect of amiloride
and Na*-free buffer was tested. Preincubating the cells
with 100 uM amiloride for 3-5 min toially inhibited
the TPA-induced alkalinization (Fig. SC). Substituting
extraceilular Na* with imol concenlmuons of
choline* abolished the TPA-induced alkalinization

(Fig. 5SD). Furthermore, in cells where PKC had been
down-regulated by incubating the cells with 200 nM
TPA for 24 h [19], addition of TPA had no effect on
pH; (now shown). The results indicate that, in FRTL-5
cells, Na*/H™* exchange can be activated via stimula-
tion of PKC.

We then i igated whether in intra-
celtular free Ca®* ([Ca®*])) could activate Na*/H*
exchange in FRTL-5 cells, using the purinergic agonist
ATP. ATP has been shown to potently stimulate an
increase in [Ca®*), both via releasc on intracellular
sequestered Ca**, and influx of extracellular Ca®*
[20,21]. In Fig. 6B we show, that stimulating acid-loaded
cells with 30 uM ATP increased pH; by 0.04 & 0.01 pH
unit (n =5, P <0.05 as compared with 0.00 + 0.01 pH
unit in control cells, n = 4). The ATP-induced increase
in pH; was mcdmtcd via activation of Nd "/H* ex-
change, as the resp was inhibited by b
the cells with 100 M amiloride (Fig. 6C) and by
substituting extracellular Na* with equimolar concen-
trations of choline* (Fig. 6D). The effect of ATP was
not dependent on extracelfular Ca®*, as ATP increased
pH; to the same extent in both a Ca?*-containing
buffer (0.04 £ 0.01, n = 5), and a Ca?*-free buffer (0.04
+ 0,01, n=>5). If intracellular Ca®* stores were de-
pleated with the Ca** ionophore ionomycin, the in-
crease in pH; in response to ATP was 0.03 + 0.01 pH
unit (n = 5) compared with 0.00 + 0.01 in control cells
(n =4, P <0.05). However, if the cells were pretreated
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Fig. 5. Effect of TPA on pH; in FRTL-5 cells acid-loaded by pretreainent with nigesicin, Nigericin (Nig:

nul concentration 1 pg/ml) was

added. (A). Addition of DMSO (vehicle. Veh). (B). Addition of 200 nM TPA. (). Aadition of 100 uM amdloride (Amil) prior to .Adduwn of
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Fig. 6. Effect of ATP on pH; in FRTL-5 cells acid-loaded by pretreatment with nigericin. Nigericin (Nig: final concentration 1 pg/ml) was
added. (A) Addition of vehicle (Veh). (B) Addition of 30 pM ATP. (C). Addition of 100 M amiloride (Amll) prior to addition of nigericin and

ATP. (D). Addition of 30 xM ATP to cell suspended in a buffer were Na* was substif d with

with 200 nM TPA for 24 k, thus down-regulating PKC,
no significant increase in pH; was observed in response
to ATP (0.03 + 0.02 pH unit (n =5) compared with
0.03  0.01 pH unit in control cells (n = 4). The results
thus suggest, that ATP stimul; Na*/H* excl

in FRTL-5 cells via activation of PKC.

Discussion

In the present report, we have charactcrized the
basic kinetic properties of the Na*/H®* exchange
mechanism in FRTL-5 cells. Our results show, that the
K., value, the V,,,, value, and the intracellular buffer-
ing capacity B; for the Na*/H™* exchange mechanism
are comparable to those observed in other cell systems
[16,22]. In addition, we have shown that stimulation of
PKC-activity is an important signal in activation of the
antiport. Our results regarding the importance of acti~
vation of PKC are in agreement with the results re-
ported by Woods et al. [23], although we could not
observe an effect of TPA on basal pH .

The importance of PKC in regulating Na*/H" ex-
change has previously been shown in several ccll sys-
tems, although other pathways have also been shown to
exist, such as osmotic shrinkage, activation of tyrosine
kinase activity, or increase in [Ca®*]; (see Ref. 1 for a
recent review). The mechanism of action of PKC on
the Na*/H* exchange molecule is still not totally
understood, although Sardet et al. [24] have shown that
the time course for the epidermal growth factor
(EGF)-induced alkalinization of hamster fibroblasts

of choline .

and human epidermoid A431 cells is identical with the
phosphorylation of the Ma*/H* exchange molecule.
In a recent report, Marcocci and Grollman [11]
observed a clear decrease in pH; in FRTL-5 cells after
addition of 1°. We did not observe any decrease. The
reason for the discrepancy in our results is unknown.
As 1™ is cotransported with Na* into the cells, uptake
of 1~ should be accompanied by an increase in intra-
cellular Na* [10). The increased intracellular concen-
tration of Na* could theoretically compete with H*
for the binding sites on the antiport, thus acidifying the
cytosol [25]). It may be possible though, that the Na*
cotransported with 1™ is rapidly transported out of the
cell by the Nat/K*-ATPase [10], making an interac-
tion with the Na*/H™ exchange less likely.
TSH is considered to be of y for i
proliferation in FRTL-S cells [13,26,27]. TSH is a po-
tent stimulator of cAMP formation, and cAMP has
been shown to activate Na*/H™ exchange in murine
macrophages [9]. Furthermore, an alkalinization of the
cytosol is usually considered to be needed for prolifera-
tion to occur (1). However, we could not obtain an
activation of Na*/H* exchange in response to TSH,
frrespective of the experimental design. Simiiar results
bavebeen reported by Woods et al. [23]. In addition,
physiological concentrations of TSH have been shown
to activate the formation of the endogenous PKC-
activator, 1,2-diacylglycerol (1,2-DG), suggesting that
activation of PKC may be of importance in stimulating
proliferation in FRTL-5 cells {28,29). Furthermore,
TPA has been shown to be an activator of cell prolifer-
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ation in several cell systems [1], including thyroid cells
[30]. This effect of TPA has generally been attributed
to the TPA-induced activation of Na*/H* exchange
[1]. It is thus theoretically possible, that both TPA and
TSH could induce proliferation through the same
mechanism, i.e. activation of PKC. An other stimulator
of proliferation in FRTL-5 cells, insulin-like growth
factor-1 (IGF-1), has been shown to incrcase 1,2-DG
{28}, and to be a potent activator of Na*/H* exchange
{23,31]. However, our results suggest, that the TSH-in-
duced proliferation in FRTL-5 cells is probably not
mediated via a rapid activation of Na*/H™* exchange.
The effect of the purinergic P, receptor agonist
ATP is mediated via hydrolysis of phosphatidyl 4,5-bis-
hosphate to inositol-1,4,5-trisphosphate (1P;) and 1,2-
DG [32,33). IP, is generally considered to release intra-
cellular sequestered Ca®* [34). ATP has recently been
shown to release sequestered Ca’* and to induced
influx of extracellular Ca®* in FRTL-5 cells [20,21,34].
Agonist-induced increases in [Ca®*]; has been shown
to stimulate Na*/H* exchange in several cell systems,
including fibroblasts and pituitary cells [4-6), and in-
flux of extracellular Ca®* hances the activity of
Na*/H* exchange in T3T cells [35). In addition, ATP
has been shown to activate Na*/H" in endothelial
cells via both a change in [Ca"], and activation of
PKC [36). However, the ATP-induced increase in
[Ca**}; had no effect on pH; in FRTL-S cells, and
ATP-induced changes in [Caz’}i were not necessary
for activation of Na*/H™* exchange. The results fur-
ther support our suggestion, that stimulation of
Na*/H* exchange in FRTL-5 cclls is mediated via
activation of PKC.

Acknowledgements

This study was supported by institutional grants
from the Sigrid Juselius Foundation, the Liv och Hilsa
Foundation, and the Ella and Georg Ehrnrooth Foun-
dation, which is gratefully acknowledged.

References

1 Grinstein, S., Rotin, D. and Mason, M.J. (1989) Biochim. Bio-
phys. Acta 988, 73-97.

2 Bass and Joseph (1985) J. Biol. Chem. 260, 15172-15179.

3 Guillemette, G. and Segui. J.A. (1988) Mol. Endocrinol. 2, 1249~
1255.

4 Hesketh, T.R., Moore, 1.P., Morris, J.D.H., Taylor, M.V., Rogers,
J.. Smith, G.A. and Metcalfe, J.C. (1985) Nature 313, 481-484,

5 Hendey, B., Mamrack, M.D. and Putnam, R.W. (1989) 1. Biol.
Chem. 264, 19540-19547,

6 Tornquist, K. and Tashjian, A.H., Jr. (1991) Endocrinology 128,
242-250,

7 Ober. $.5. and Pardee, A.B. (1987) J. Cell. Physiol. 132, 311-317.

8 Little, P.J.. Weissberg, P.L.. Cragoe. E.J., Jr. and Bobik. A. (1988)
J. Biol. Chem. 263, 16780~16786.

9 Kong, S.K., Choy. Y.M., Fung, K.P. and Lee, C.Y. (1989) Biochem.
Biophys. Res. Comimun. 165, 131-137.

10 Weiss, S., Philp. M.J. and Grollman, E.F. (1984) Endocrinology
114, 1090-1098.

11 Marcacci, C. and Grollman, E.F. (1988) Endocrinology 123,
1705-1711.

12 Alinen, $. and Tornquist, K. (1991) Program of the 18th Spring
Meeting of the Finnish Endocrine Society, Oulu, April 5-6. 1991,
p. 31

13 Ambesi-Impiombato, F.S., Parks. L.A.M. and Coon. H.G. (1980)
Proc. Natl. Acad. Sci. 77, 3455-3459.

14 Hallam, T.J. and Tashjian, A.H., Jr. (1987} Biochem. J. 242,
411-416.

15 Rink, T.1, Tsien, R.Y. and Pozzan, T. (1982} J. Cell. Biol. 95,
189-196.

16 Roos, A. and Boron, W.F. (1981} Phys. Rev. 61, 296-434.

17 Boron, W.F. (1977) Am. J. Physiol. 233, C61-C73.

18 Pressman, B.C. and Fahim, M. (1982) Annu. Rev. Pharmacol.
Toxicol. 22, 465-490.

19 Jaken, S., Tashjian, A.H., Jr. and Blumberg, P.M. (1981) Cancer
Res. 41, 2175-2181.

20 Rani, $.C.S., Schilling. W.P. and Field, J.F. (1989) Endacrinology
125, 1889-1897.

21 Toraquist, K. (1991) Mol. Cell. Endrreinol, 79, 147-156.

22 Aronson. P.S. (1985) annu. Rev. Physiol. 47, 545-560.

23 Woaods, D.J., Soden, J., Tomlinson, S. and Bidey, S.P. (1990) J.
Mol. Endocrinol. 4, 177-185.

24 Sardet, C.. Counillon, L., Franchi, A. and Pouyssegur, J. (1990)
Science 247, 723-726.

25 Green, J., Yamaguchi, D.T.. Kleeman, C.R. and Muallem, S,
(1988) J. Gen. Physiol. 92, 239-261.

26 Damante, G.. Cox, F. and Rapoport, B. (1988) Biochem. Biophys.
Res. Commun. 151, 1194-1199.

27 Zakarija, M. and
12531259,

28 Brenner-Gati, L., Berg, K.A. und Gershengorn, M.C. (1988} J.
Clin. Invest. 82, 1144-1148,

29 Brenner-Gati, L., Trowbridge, J.M., Moucha, C.S. and Gershen-
gorn, M.C. (1990) Endocrinology 126, 16231629,

30 Bachrach, LK., Eggo, M.C.. Mak, W.W. and Burrow, G.N. (1985)
Endocrinology 116, 1603-1609.

31 Takasu, N., Komiya, 1., Nagasuwa, Y., Asawa, T., Shimizu, Y. and
Yamada. T. (1991) Biochem. Biophys. Res. Commun. 177, 113.
19

32 Okajima, F., Sho, K. and Kondo, Y. (1988) Endocrinology 123,
1035-1043.

33 Balazovich, K.J. and Boxer, L.A. (1989) . Immunol. 144, 631-637.

34 Berridge. M.J. (1988) Proc. R. Soc. Lond. B 234, 359-378,

35 Rosoff. P.M. and Cantley, L.C. (1985) J. Biol. Chem. 260, 14053~
14059,

36 Kitazano, T., Takeshige, K., Cragoe, E.E., Jr. and Minakami, S.
(1989 Biochim. Biophys. Acta 1013, 152-158.

JIM. (1989) Endocrinok 125,




