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Abstract. We investigated the relationship between in- 
tracellular Ca z+ and pH homeostasis in Madin-Darby 
canine kidney-focus (MDCK-F) cells, a cell line ex- 
hibiting spontaneous oscillations of intracellular Ca 2+ 
concentration (Ca2,+.). Ca2+i and intracellular pH (PHi) 
were measured with the fluorescent dyes Fura-2 and 
BCECF by means of video imaging techniques. Ca 2§ 
influx from the extracellular space into the cell was de- 
termined with the Mn 2+ quenching technique. Cells 
were superfused with HEPES-buffered solutions. Un- 
der control conditions (pH 7.2), spontaneous Ca 2+ i o s -  
c i l l a t i o n s  were observed in virtually all cells investi- 
gated. Successive alkalinization and acidification of the 
cytoplasm induced by an ammonia ion prepulse had no 
apparent effect on Ca 2+ oscillations. On the contrary, i 
changes of extracellular pH value strongly affected Ca 2+ i 
oscillations. Extracellular alkalinization to pH 7.6 com- 
pletely suppressed oscillations, whereas extracellular 
acidification to pH 6.8 decreased their frequency by 
40%. Under the same conditions, the respective pH i 
changes were less than 0.1 pH units. However, exper- 
iments with the Mn 2§ quenching technique revealed 
that extracellular alkalinization significantly reduced 
Ca 2+ entry from the extracellular space. Large in- 
creases of Ca 2+ triggered by the blocker of the cyto- i 
plasmic Ca2+-ATPase, thapsigargin, had no effect on 
pH i. We conclude: intracellular Ca 2+ homeostasis in 
MDCK-F cells is pH dependent, pH controls Ca 2+ 
homeostasis mainly by effects on the level of Ca 2+ en- 
try across the plasma membrane. On the contrary, the 
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intracellular pH value seems to be insensitive to rapid 
changes of Ca 2+. 
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Introduction 

Both intracellular Ca 2+ ions and intracellular H + ions 
are widely believed to act as second messengers in re- 
sponse to cell stimulation with a variety of physiolog- 
ical stimuli. With respect to intracellular Ca 2+, cell 
stimulation often leads to a Ca 2+ release from intracel- 
lular Ca 2+ store(s), and/or to Ca 2+ entry into the cyto- 
plasm from the extracellular space [1, 2, 17]. The sub- 
sequent Ca 2§ increase modifies such diverse cellular 
functions as cell contraction [29], cell cycle events [15] 
and gene expression [11]. On the other hand, numer- 
ous hormones and growth factors are known to alter the 
intracellular pH value. Changes of intracellular pH 
value are most often due to alteration of the activity of 
the Na+/H + exchanger, which is a common transport 
protein regulating the intracellular pH value [5, 9, 10, 
12, 13, 16, 22]. Similar to intracellular Ca 2§ concen- 
tration, intracellular pH controls the activity of differ- 
ent cellular processes. Among others, cytoplasmic al- 
kalinization is a prerequisite or an associated event for 
the stimulation of transepithelial reabsorption [13], 
platelet stimulation [22] and gene expression [5]. More- 
over, intracellular alkalinization is frequently linked to 
the tumor cell phenotype [3, 12, 19]. 

Several lines of evidence suggest that intracellular 
pH value and Ca 2§ concentration may be related to 
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each other. So far, no general model of relationship be- 
tween Ca 2§ and pH can be derived from the available 
literature. Indeed, intracellular Ca 2+ was reported both 
to alter and to have no effect on intracellular pH [25, 
32]. On the other hand, intracellular Ca 2+ responses 
could be evoked either by cell acidification or cell al- 
kalinization [26, 27, 32]. Obviously, this diversity of 
cellular Ca 2+ and pH interactions reflects different cell 
functions which are specific to a given cell type. Nev- 
ertheless, there is established evidence that alteration of 
intracellular or extracellular pH changes the activity of 
Ca 2+ pumps in the plasma membrane and in the endo- 
plasmic reticulum [6]. Moreover, the open probability 
of Ca 2+ channels [20] and generation of Ca2+-releasing 
second messenger InsP 3 have been reported to be de- 
pendent on the proton concentration [24]. The effect of 
intracellular Ca 2+ concentration changes on intracellu- 
lar pH value may be mediated by a Ca2+-dependent 
protein kinase C which controls the activity of the 
Na+/H + exchanger. The exchanger activity is also de- 
pendent on the second messenger diacylglycerol which 
is released in parallel with the Ca2+-releasing second 
messenger InsP 3 following the activation of the phos- 
phoinositide pathway [7]. Thus, activation of this path- 
way may modulate both intracellular Ca 2+ concentration 
and the cytoplasmic pH value. 

In this study, we investigated the relationships be- 
tween Ca 2§ and pH homeostasis in MDCK-F cells [14]. 
MDCK-F cells are a novel cell line exhibiting sponta- 
neous oscillations of intracellular Ca 2+ concentration 
which are generated in a cytoplasmic, InsP 3- and thap- 
sigargin-sensitive Ca 2+ store [30]. Cytoplasmic Ca 2+ 
and proton concentrations were monitored with Fura-2 
and BCECF video imaging, and Ca 2+ entry from the ex- 
tracellular space was monitored by means of the Mn 2+ 
quenching technique. We present evidence that the ac- 
tivity of the intracellular Ca 2+ oscillator is dependent on 
extracellular rather than on intracellular pH value. Thus, 
pH controls Ca 2+ homeostasis at the level of Ca 2+ en- 
try across the plasma membrane. 

Materials and Methods 

CELL CULTURE 

Transformed MDCK cells (MDCK-F cells, registered at the Ameri- 
can Type Culture Collection, Bethesda, MD) [14] were grown in 
poly-L-lysine coated plastic culture dishes in Minimum Essential 
Medium with Earle's salts, nonessential amino-acids and L-gluta- 
minic acid (MEM-medium, Biochrom, Berlin, FRG). The MEM- 
medium was supplemented with 10% fetal calf serum (FCS) and 26 
mmol/liter NaHCO 3 (Biochrom). Cells were grown at 370C in a 5% 
CO 2 in air, humidified atmosphere. 

INTRACELLULAR C a  2+ AND pH IMAGING 

Cells grown on poly-L-lysine-coated glass coverslips were loaded 
for 30 min with the Ca2+-sensitive dye Fura-2 (2 ~tmol/liter) or with 

the pH-sensitive dye BCECF (1 ~tmol/liter). Dye loading resulted in 
apparently uniform distribution of fluorescence in the cytoplasm. 
Loaded cells were mounted into a heating chamber thermostatically 
controlled at 37~ The chamber was installed on a Nikon Diaphot 
microscope equipped with a 40•  quartz oil immersion objective op- 
erating in epifluorescence mode. The volume of  the buffer in the 
chamber was 1,000 I11. Buffer changes and drug applications were 
performed by simple pipetting of 2-5 ml of the appropriate, pre- 
heated solution into the incubation chamber. The solution excess 
was sucked via a suction pipette mounted over the chamber. The 
buffer used was a standard Ringer solution containing (in mmol/  
liter): 122 NaC1, 5.4 KCI, 0.8 MgC12, 1.0 Na2HPO4/NaH2PO 4, 1.2 
CaCI v 5.5 glucose, 10 4-(2-Hydroxyethyl)-l-piperazineethanesul- 
fonic acid (HEPES); adjusted to various pH values (see below) with 
NaOH. 

Dynamic video imaging of intracellular Ca 2+ concentration and 
of intracellular pH was carried out with MagiCal hardware and 
TARDIS software (Applied Imaging, Sunderland, UK). Cells were 
imaged with an intensified CCD camera operating at video frame rate 
(Photonics Science, Robertsbridge, UK). In experiments with Fura- 
2, the cells were illuminated alternatively at 340 and 380 nm by 
means of a rotating filter wheel and the emitted light was collected 
through a dichroic mirror at 510 nm. For pH measurements with 
BCECF, dye-loaded cells were alternatively excited at 440 and 490 
nm, and the emitted light was collected through a 520-nm-long pass 
filter. The filter wheel was controlled by the computer. Video frames 
were averaged four to eight times with an analog hardware averager 
to reduce noise from the camera. 

Background subtraction was performed on-line in all experi- 
ments before ratioing operations were carried out. Background flu- 
orescence after excitation at 340 and 380 nm (Fura-2) or 440 and 490 
nm (BCECF) was determined in a visual field with no cells. Using 
the wavelengths of  excitation and emission noted here and with sim- 
ilar gain settings of the camera and intensifier, no autofluorescence 
was detected from cells that had not been loaded with dye. 

After background subtraction, 340/380 or 440/490 ratios were 
calculated on average video frames on a pixel-by-pixel basis. Cal- 
culated ratios were computed against look-up tables to yield a ratio 
grey level representative of calibrated Ca 2+ concentration or of pH 
value. Pseudocolor images were produced by applying a false color 
table to the grey ratio images on a pixel-by-pixel basis. Software- 
based image analysis allowed quantitation of Ca 2§ or pH value in the 
whole visual field, or in a selected cell or region of a cell vs. time. 
Calibration and calculation of intracellular Ca 2+ and pH values were 
performed as described previously. Briefly, for Ca 2+ calibration the 
minimal and maximal fluorescence values were obtained after cell per- 
meabilization with 5 p~mol/liter ionomycin in the presence of solutions 
containing either no Ca 2§ (substitution with EGTA) or 10 mmol/liter 
Ca 2+. The apparent dissociation constant K d of Fura-2 was taken to 
be 225 nmol/liter. Calibration of pH measurements was performed 
with HEPES-buffered solutions containing 130 mmol/liter K § and ad- 
justed to various pH values from 5.5 to 8.0. Equalization of intra- 
cellular and extracellular pH values was obtained with the K+/H § ex- 
changer nigericin (5 I.tmol/liter). Individual data were exported to an 
ASCII file which was eventually incorporated into a SigmaPlot 5.0 
spreadsheet for further calculations. 

MONITORING OF C a  2+ INFLUX USING MANGANESE 

Measurements of Ca 2+ entry into the cytoplasm were performed as 
described previously [31]. The manganese quenching technique is 
based on two unique properties of  the Mn 2+ ion. First, Mn 2+ ions 
compete with Ca 2+ ions for entry into the cell via many Ca 2+ chan- 
nels. Second, Mn 2§ ions bind to fluorescent Ca 2+ indicators such as 
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Fura-2 and Quin-2 with a higher affinity than Ca 2+ and quench their 
fluorescence. Hence, when Mn 2+ is present in the extracellular medi- 
um, a decrease in intracellular fluorescence will reflect the Mn 2§ en- 
try via Ca 2§ channels [4, 8]. 

To monitor Mn 2§ entry, the Fura-2 fluorescence was followed 
at 510 nm when cells were excited at 360 nm. Emission at this ex- 
citation wavelength (so-called isosbestic point of the Fura-2 spectrum) 
is insensitive to changes in Ca 2+ concentration. Thus, changes in the 
360 nm emission reflects exclusively Mn 2+ entry from the extracel- 
lular space into the cytoplasm. The Mn 2+ concentration in the ex- 
tracellular solution was 0.2 to 0.5 mmol/liter. 

The monitoring of Mn 2§ was performed by means of the Magi- 
Cal system. In these experiments, the cells were excited with a 360 
nm filter which was mounted in the filter wheel. The image collec- 
tion, background subtraction and averaging parameters were the same 
as for wavelengths used to monitor intracellular Ca 2+ and pH values 
(see above). 

Results 

EFFECT OF INTRACELLULAR pH CHANGES ON 

C a  2+ OSCILLATIONS 

Figures 2, 4, 5, 6 and 9 show examples of spontaneous 
Ca 2+ oscillations in MDCK-F cells. Spontaneous os- 
cillatory activity was observed in 80-95% of inves- 
tigated cells. Individual spikes started from a basal 
Ca 2+ concentration of about 100 nmol/liter reaching the 
peak value in the range of 400-700 nmol/liter. Oscil- 
lations were observed with a frequency of 0.5-2 spikes/ 
min. 

In the first experimental approach, changes of in- 
tracellular pH value (PHi) were induced by means of an 
ammonia prepulse technique [18]. A 5-min exposure of 
the cells to 20 mmol/liter NHaC1 increased intracellu- 
lar pH by 0.37 __+ 0.04 (n = 7) due to the trapping of H + 
ions by NH 3 diffusing into the cell (Fig. 1). Subsequent 
NHaC1 removal caused a fall of pH i by 0.40 _ 0.06 (n 
= 7) below the initial pH i because of the NH~ disso- 
ciation into NH 3 and H + ions. As shown in Fig. 2, nei- 
ther intracellular alkalinization nor acidification induced 
by NH4C1 pulse affected significantly amplitude or fre- 
quency of oscillations. 

Figure 3 shows the effect of substitution of 100 
mmol/liter Na + ion with choline + ion on pH i. Na + re- 
moval resulted in a cell acidification, by 0.47 __ 0.08 pH 
units (n = 6), most likely due to lowering of the elec- 
trochemical Na + potential which is the driving force for 
Na+/H + exchange. As shown in Fig. 4, Na + removal- 
induced cell acidification was paralleled by a change of 
oscillatory pattern. The individual spikes seemed wider 
and spiking activity reduced, compared to the control 
period. Strikingly, restoration of control Na § concen- 
tration immediately normalized both frequency and 
shape of Ca 2+ spikes (Fig. 3), whereas pH returned to 
its initial value after 5-7 min (Fig. 4). 

7 . 9 -  

PH i 

6 . g -  

Fig. 1. Effect of  extracellular NH4CI application (20 mmol/liter; 
isosmotic NaC1 removal) on intracellular pH value (PHi) in a MDCK- 
F cell. Trace shown represents seven experiments. 

710- 
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NH4C1 

I 5 r a in  

Fig. 2. Effect of  extracellular NH4CI application (20 mmol/liter; 
isosmotic NaC1 removal) on spontaneous Ca 2+ oscillations in a 
MDCK-F cell. Trace shown represents seven experiments. 

EFFECT OF EXTRACELLULAR pH CHANGES ON 
C a  2+ OSCILLATIONS 

The effect of extracellular pH increase from 7.2 to 7.6 
on spontaneous Ca 2+ oscillations in a MDCK-F cell is 
shown in Fig. 5. Extracellular alkalinization completely 
blunted oscillations in a fully reversible fashion. The 
influence of extracellular pH decrease from 7.2 to 6.8 
was less pronounced (Fig. 6). The frequency of oscil- 
lations decreased by 40 ___ 7% (n = 10) and a moder- 
ate widening of spikes was observed (Fig. 6). Both ef- 
fects were reversible. Interestingly, neither extracellu- 
lar a lkal in izat ion nor ex t race l lu la r  ac id i f ica t ion  
significantly modified intracellular pH (Fig. 7). The re- 
spective PHi changes in all cells were less than 0.1 pH 
unit. 

As shown above, extracellular alkalinization abol- 
ished Ca 2+ oscillations without apparent changes of cy- 
toplasmic pH. However, the effect of alkalinization 
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Fig. 3. Effect of  removal of  100 mmol/liter Na + (substitution with 
100 mmol/liter choline +) on intracellular pH value (PHi) in a MDCK- 
F cell. Trace shown represents six consistent experiments. 
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Fig, 6. Effect of extracellular acidification (pH = 6.8) on spontaneous 
Ca 2+ oscillations in a MDCK-F cell, Trace shown represents 10 ex- 
periments. 
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Fig. 4. Effect of  removal of  100 mmol/liter Na + (substitution with 
100 mmol/liter choline +) on spontaneous Ca 2+ oscillations in a 
MDCK-F cell. Trace shown represents seven experiments. 

5 8 0 -  I p H = 7 . 6  1 
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Fig. 5. Effect of  extracellular alkalinization (pH = 7.6) on sponta- 
neous Ca 2+ oscillations in a MDCK-F cell. Trace shown represents 
12 experiments. 

could be due to an inhibition of Ca 2+ entry into MDCK- 
F cells which determines the frequency of Ca 2+ oscil- 
lations. Ca 2+ entry in these cells can be monitored as 
quenching of Fura-2 fluorescence by Mn 2+ ions enter- 

8.0- l l 

PH i 

7 . 0 -  

6.8 7.6 

I I 5 m i n  

Fig. 7. Effect of  successive extracellular acidification (pH = 6.8) 
and alkalinization (pH = 7.6) on intracellular pH value (PHi) in a 
MDCK-F cell. Trace shown represents eight experiments. 

ing the cell via Ca 2+ channels in the plasma membrane. 
Therefore, we investigated the effect of extracellular al- 
kalinization on Ca 2+ entry from the extracellular space. 
Figure 8 shows an original recording of Ca 2+ influx 
monitored as Mn 2+ quenching of Fura-2 at 360 nm. In 
the presence of Mn 2+ (0.2-0.5 mmol/liter), a rapid and 
constant decrease of intracellular fluorescence was ob- 
served. An increase of extracellular pH to 7.6 signifi- 
cantly (P < 0.005) inhibited the rate of Mn 2+ entry in- 
to the cell. Thus, extracellular alkalinization apparent- 
ly inhibits Ca 2+ entry from the extracellular space. 

EFFECT OF THAPSIGARGIN ON INTRACELLULAR Ca 2+ 
AND pH 

In the final experimental series, we investigated the ef- 
fect of changes of Ca 2+ homeostasis on intracellular pH 
value. The tumor promoter thapsigargin is a selective 
(though irreversible) inhibitor of a Ca2+-ATPase [23] lo- 
calized in the InsPa-sensitive Ca 2+ pool of MDCK-F 
cells [30]. As shown in Fig. 9, thapsigargin (100 nmol/ 
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3 3 0 -  

Dsao 
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I 
7 . 6  

Fig. 8. Effect of extracellular alkalinization (pH = 7.6) on quench- 
ing of Fura-2 fluorescence at 360 nm (arbitrary units) by Mn 2§ ions 
applied extracellularly. Trace shown represents five separate exper- 
iments. Mn 2+ concentration was 0.2 mmol/liter. 

7 6 0 -  [ Tg 

;5 1 1 0 -  

I 2 m i n  ] 

Fig. 9. Effect of  thapsigargin (Tg; 100 nmol/liter) on spontaneous 
Ca 2+ oscillations in a MDCK-F cell. Trace shown represents eight ex- 
periments. 

[Ca 2§ 
(nM) 

liter) completely abolished oscillations. The inhibito- 
ry effect was preceded by a large, transient Ca 2+ spike 
due to Ca 2+ release from the thapsigargin-sensitive 
Ca 2+ pool. A representative pH i measurement under the 
same conditions is shown in Fig. 10. Apparently, the 
thapsigargin-induced changes of cytoplasmic Ca 2+ con- 
centration had no effect on intracellular pH. 

D i s c u s s i o n  

MDCK-F cells are a novel cell line derived from par- 
ent epithelial MDCK cells by exposure to chronic al- 
kaline stress [14]. The most striking features of  
MDCK-F cells are continuous and spontaneous oscil- 
lations of intracellular Ca 2+ concentration. Ca 2+ spikes 
are generated in an intracellular Ca 2+ store which is sen- 

I 
8 . 0 -  Tg 

P H i  

7 . 0 -  f I 
5 m i n  

Fig. 10. Effect of  thapsigargin (Tg; 100 nmol/liter) on intracellular 
pH value (PHi) in a MDCK-F cell. Trace shown represents seven con- 
sistent experiments. 

sitive both to the Ca2+-releasing second messenger 
InsP 3 and to selective blockers of the cytoplasmic Ca 2+- 
ATPase [30]. The mechanism underlying the genera- 
tion of Ca :+ oscillations and their functional role(s) re- 
main unknown. Nevertheless, due to spontaneous Ca 2+ 
oscillations, MDCK-F cells are a useful and sensitive 
model for studying relationships between Ca 2+ metab- 
olism and other signaling pathways. 

The most interesting finding of this study is the 
strong dependence of intracellular Ca 2+ oscillations in 
MDCK-F cells on the extracellular pH. Previously, we 
reported that the frequency of membrane potential os- 
cillations in MDCK-F cells is very sensitive to changes 
of the extracellular pH with an optimal pH of about 7.2 
[28]. Oscillations of membrane potential in MDCK-F 
cells are a parallel but secondary event to Ca 2+ oscil- 
lations and their molecular basis is the Ca2+-sensitivi - 
ty of plasma membrane K + channels [21]. Ca z+ mea- 
surements presented in this study confirm fully those 
previous findings. Both extracellular acidification and 
alkalinization decreased the frequency of oscillations. 
Interestingly, the pH dependence of oscillations seems 
to be more pronounced in the alkaline range since an ex- 
tracellular pH of 6.8 decreased oscillatory frequency on- 
ly by about 40%, whereas oscillations completely dis- 
appeared at a pH 7.6. 

Surprisingly, these profound effects of extracellu- 
lar pH changes on spiking activity of MDCK-F cells 
were not paralleled by any significant change of intra- 
cellular pH. This was most likely due to the activity of 
cellular pH-regulating transport systems. On the other 
hand, profound changes of intracellular pH brought 
about by successive alkalinization and acidification of 
the cytoplasm induced by an ammonia pulse had no ap- 
parent effect on Ca 2+ oscillations. These findings sug- 
gested that extracellular pH changes may exert their 
action on Ca 2§ metabolism via an external part of the 
cell, i.e., most likely on the plasma membrane. This hy- 
pothesis was confirmed by means of the manganese 
quenching technique. In an earlier paper, we have re- 
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ported that Mn 2+ influx into MDCK-F cells parallels 
Ca 2+ influx across the plasma membrane. The latter 
was fundamental for triggering of oscillations [31 ]. In 
the present experiments, extracellular alkalinization sig- 
nificantly reduced the rate of Mn 2+ influx into the cy- 
toplasm. Thus, it appears that extracellular pH value 
may control the rate of Ca 2§ entry into MDCK-F cells 
and in this manner influence their oscillatory activity. 
Taking into consideration the lack of significant changes 
of intracellular pH under these experimental conditions, 
the action of extracellular pH changes on Ca 2+ metab- 
olism in MDCK-F cells seems to be restricted exclu- 
sively to the plasma membrane. Similar sensitivity of 
plasma membrane Ca 2+ permeability to extracellular pH 
was recently described in acinar cells of the pancreas 
[26]. 

The effect of Na + removal on Ca 2+ oscillations 
appears to disagree with the conclusions above. In 
these experiments, a profound cytoplasmic acidification 
induced by Na + removal was paralleled by a decrease 
of oscillatory frequency and by a widening of Ca 2+ 
spikes. However, besides cytoplasmic acidification, 
these effects may be due to a separate effect of Na + re- 
moval, i.e., to the reduction of the electrochemical Na + 
gradient across the plasma membrane which is a driving 
force for the Na+/Ca 2+ exchange. A thorough com- 
parison of Ca 2+ and pH i time courses under these ex- 
perimental conditions supports this hypothesis (Figs. 3 
and 4). After restoration of control Na + concentration, 
cytoplasmic pH increases slowly and reaches the initial 
value after a period of 5-7 min. On the contrary, the 
frequency and shape of Ca 2+ spikes normalize imme- 
diately, despite the persistent cytoplasmic acidification. 
This finding indicates that the effect of Na + removal on 
Ca 2+ oscillations is most likely due to the altered ac- 
tivity of a Na+-dependent, Ca2+-transporting mecha- 
nism of the plasma membrane. This explanation, how- 
ever, is rather speculative at the present time and will 
require further studies to resolve. 

Whereas pH may influence intracellular Ca 2+ me- 
tabolism in MDCK-F cells, there is obviously no reci- 
procal relationship between those parameters. Indeed, 
changes of cytoplasm Ca 2+ concentration induced by 
thapsigargin had no significant effect on the intracellu- 
lar pH value. This was quite surprising, since Ca 2+ ions 
are known as a potent agonist of protein kinases C, and 
the latter are believed to control the function of a plas- 
ma membrane Na+/H + exchanger [7]. However, it is 
possible that the Na+/H + exchanger in MDCK-F cells 
is controlled by a Ca2+-independent isoform of protein 
kinase C [7]. 

The authors gratefully acknowledge the valuable discussions with Drs. 
M.J. Berridge, M. Carew, I. Davidson, G. Law and B. Somasundra- 
man. We are grateful to Applied Imaging for financial and technical 
support and to the Medical Research Council for financial support. 

The project was supported by the Deutsche Forschungsgemein- 
schaft, SFB-176 (A6) and by the Jubil~imusstiftung of the Universi- 
ty of W0rzburg. 

References 

1. Berridge, M.J. 1990. Calcium oscillations. J. Biol. Chem. 265: 
9583-9586 

2. Berridge, M.J., Irvine, R.F. 1989. Inositol phosphates and cell sig- 
nalling. Nature 341:197-205 

3. Gillies, R.J., Martinez-Zaguilan, R., Martinez, G.M., Serrano, R., 
Perona, R. 1990. Tumorigenic 3T3 cells maintain an alkaline in- 
tracellular pH under physiological conditions. Proc. Natl. Acad. 
Sci. USA 87:7414-7418 

4. Hallam, T.J., Rink, T.J. 1989. Receptor-mediated Ca 2§ entry: di- 
versity of function and mechanism. Trends. Pharmacol. Sci. 10: 
8-10 

5. Hultgardh-Nilsson, A., Larsson, S.H., Jin, P., Sejersen, T., 
Ringertz, N.R. 1990. Neurokinin A induces expression of the c- 
fos, c-jun, and c-myc genes in rat smooth muscle cells. Eur. J. 
Biochem. 194:527-532 

6. Hurley, T.W. 1988. Kinetics of high-affinity Ca 2§ sequestration 
in permeabilized rat pancreatic acini. Am. J. Physiol. 254: 
C621-C627 

7. Khalil, R.A., Morgan, K.G. 1992. Protein kinase C: a second E- 
C coupling pathway in vascular smooth muscle. News Physiol. 
Sci. 7:10-15 

8. Merritt, J.E., Jacob, R., Hallam, T.J. 1989. Use of manganese to 
discriminate between calcium influx and mobilization from in- 
ternal stores in stimulated human neutrophils. J. Biol. Chem. 
264:1522-1527 

9. Moolenaar, W.H., Tsien, R.Y., Van der Saag, P.T., De Laat, 
W.S. 1983. Na+/H + exchange and cytoplasmic pH in the action 
of growth factors in human fibroblasts. Nature 304:645-648 

10. Moolenaar, W.H., Yarden, Y., DeLaat, S.W., Schlessinger, J. 
1982. Epidermal growth factor induces electrically silent Na + in- 
flux in human fibroblasts. J. Biol. Chem. 257:8502-8506 

11. Morgan, J.I., Curran, T. 1986. Role of ion flux in the control of 
c-fos expression. Nature 322:552-555 

12. Ober, S.S., Pardee, A.B. 1987. Intracetlular pH is increased af- 
ter transformation of Chinese hamster embryo fibroblasts. Proc. 
Natl. Acad. Sci. USA 84:2766-2770 

13. Oberleithner, H., Weigt, M., Westphale, H.J., Wang, W. 1987. Al- 
dosterone activates Na+/H + exchange and raises cytoplasmic pH 
in target cells of the amphibian kidney. Proc. Natl. Acad. Sci. USA 
84:1464-1468 

14. Oberleithner, H., Westphale, H.J., Gaflner, B. 1991. Alkaline 
stress transforms Madin-Darby canine kidney cells. Pfluegers 
Arch. 419:418-420 

15. Poenie, M., Alderton, J., Tsien, R.Y., Steinhardt, R.A. 1985. 
Changes of free calcium levels with stages of the cell division cy- 
cle. Nature 315:147-149 

16. Pouyss6gur, J., Franchi, A., L'Allemain, G., Paris, S. 1985. Cy- 
toplasmic pH, a key determinant of growth factor-induced DNA 
synthesis in quiescent fibroblasts. FEBS Lett. 190:115-119 

17. Putney, J.W.J. 1990. Capacitative calcium entry revisited. Cell 
Calcium 11:611-624 

18. Ross, A., Boron, W.F. 1981. Intracellular pH. Physiol. Rev. 
61:296--434 

19. Rotin, D., Steele-Norwood, D., Grinstein, S., Tannock, I. 1989. 
Requirement of the Na+/H + exchanger for tumor growth. Can- 
cer Res. 49:205-211 

20. Rousseau, E., Pinkos, J. 1990. pH modulates conducting and 



L. Wojnowski et al.: pH Effect on Ca 2+ Entry in MDCK-F Cells 

gating behaviour of single calcium release channels. Pfluegers 
Arch. 415:645-647 

21. Schwab, A., Westphale, H.J., Wojnowski, L., Wiinsch, S., Ober- 
leithner, H. 1992. Spontaneously oscillating K § channel activi- 
ty in transformed Madin-Darby canine kidney cells. J. Clin. In- 
vest. 92:218-223 

22. Siffert, W., Akkerman, J.W. 1987. Activation of sodium-proton 
exchange is a prerequisite for Ca 2+ mobilization in human 
platelets. Nature 325:456--458 

23. Takemura, H., Hughes, A.R., Thastrup, O., Putney, J.W.J. 1989. 
Activation of calcium entry by the tumor promoter thapsigargin 
in parotid acinar cells. Evidence that an intracellular calcium 
pool and not an inositol phosphate regulates calcium fluxes at the 
plasma membrane. J. Biol. Chem. 264:12266-1227 l 

24. Tilly, B.C., Lambrechts, A.C., Tertoolen, L.G., DeLaat, S.W., 
Moolenaar, W.H. 1990. Regulation of phosphoinositide hydrol- 
ysis induced by histamine and guanine nucleotides in human 
HeLa carcinoma cells. Calcium and pH dependence and inhibitory 
role of protein kinase C. FEBS Lett. 265:80-84 

25. Tornquist, K., Tashjian, A.H.J. 1992. pH homeostasis in pituitary 
GH4CI cells: basal intracellular pH is regulated by cytosolic free 
Ca 2+ concentration. Endocrinology 130:717-725 

26. Tsunoda, Y. 1990. Cytosolic free calcium spiking affected by in- 
tracellular pH change. Exp. Cell Res. 188:294-301 

149 

27. Tsunoda, Y., Matsuno, K., Tashiro, Y. 1991. Cytosolic acidifi- 
cation leads to Ca 2§ mobilization from intracellular stores in 
single and populational parietal cells and platelets. Exp. Cell 
Res. 193:356-363 

28. Westphale, H.J., Wojnowski, L., Schwab, A., Oberleithner, H. 
1992. Spontaneous membrane potential oscillations in Madin- 
Darby canine kidney cells transformed by alkaline stress. 
Pfluegers Arch. 421:218-223 

29. Williams D.A., Becker, P.L., Fay, F.S. 1987. Regional changes 
in calcium underlying contraction of single smooth muscle cells. 
Science 235:1644-1648 

30. Wojnowski, L., Hoyland, J., Mason, W.T., Schwab, A., West- 
phale, H.J., Oberleithner, H. 1993. Cell transformation induces 
sustained cytoplasmic Ca 2+ oscillations in Madin-Darby canine 
kidney cells. Pfluegers Arch. (in press) 

31. Wojnowski, L., Schwab, A., Hoyland, J., Mason, W.T., Sil- 
bernagl, S., Oberleithner, H. 1993. Ca 2+ oscillations in Madin- 
Darby canine kidney-focus cells: II. Ca2+-sensitive Ca 2+ en- 
try determines frequency of oscillations. Pfluegers Arch. (in 
press) 

32. Zorec, R., Hoyland, J., Mason, W.T. 1993. Simultaneous mea- 
surements of cytosolic pH and calcium interactions in bovine lac- 
totrophs using optical probes and four wavelength quantitative 
video microscopy. Pfluegers Arch. 423:41-50 


