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Abstract

Intracellular alkalinization is known to be associated with tu-
morigenic transformation. Besides phenotypical alterations al-
kali-transformed Madin-Darby canine kidney (MDCK) cells
exhibit a spontaneously oscillating cell membrane potential
(PD). Using single-channel patch clamp techniques, it was the
aim of this study to identify the ion channel underlying the
rhythmic hyperpolarizations of the PD. In the cell-attached
patch configuration, we found that channel activity was oscil-
lating. The frequency of channel oscillations is 1.1+±0.1 min'.
At the peak of oscillatory channel activity, single-channel
current was -2.7±0.05 pA, and in the resting state it was
-1.95±0.05 pA. Given the single-channel conductance of 53±3
pS for inward (and of 27±5 pS for outward) current the differ-
ence of single-channel current amplitude corresponded to a hy-
perpolarization of - 14 mV. The channel is selective for K+
over Na'. Channel kinetics are characterized by one open and
by three closed time constants. The channel is Ca2" sensitive.
Half maximal activation in the inside-out patch mode is
achieved at a Ca2+ concentration of 10 ,umol/ liter. In addition,
we also found a 13-pS K+ channel that shows no oscillatory
activity in the cell-attached patch configuration and that was
not Ca2" sensitive. Weconclude that the Ca2 -sensitive 53-pS
K+ channel is underlying spontaneous oscillations of the PD. It
has virtually identical biophysical properties as a Ca2`-sensi-
tive K+ channel in nontransformed parent MDCKcells. Hence,
alkali-induced transformation of MDCKcells did not affect the
channel protein itself but its regulators thereby causing sponta-
neous fluctuations of the PD. (J. Clin. Invest. 1993. 91:218-
223.) Key words: Madin-Darby canine kidney cell * transforma-
tion * K+ channel * Ca2+ * oscillation

Introduction

It is well known that cells alkalinize during proliferation (see
reference 1 for a review). Moreover, intracellular alkaliniza-
tion is also recognized as a possible pathogenetic mechanism of
carcinogenesis (2). Madin-Darby canine kidney (MDCK)1
cells, a renal epithelial cell line derived from collecting duct of
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1. Abbreviations used in this paper: MDCK,Madin-Darby canine kid-
ney (cells); MDCK-F, alkali-transformed MDCKcells.

dog kidney, could be transformed by prolonged exposure to an
alkaline growth medium (3). Alkali-induced transformation of
MDCKcells resulted in dramatic changes of cell morphology
with loss of contact inhibition and pronounced pleomorphism.
Someof these acquired morphological characteristics have also
been described for MDCKcells transformed with viral ras-on-
cogene (4) or with viral tyrosine kinase pp60v- (5). Function-
ally, alkali-transformed MDCKcells, hereafter referred to as
MDCK-Fcells according to their ability to form foci, are distin-
guished from their parental cells by a spontaneously oscillating
cell membrane potential (6) and by constant migratory activity
(7). In contrast, parent MDCKcells have a constant cell mem-
brane potential (8, 9), and they do not migrate.

Transformation also induces oscillations of the cell mem-
brane potential in fibroblasts. Whereas nontransformed fibro-
blasts only transiently hyperpolarize after the addition of bra-
dykinin, ras-transformed fibroblasts exhibit sustained oscilla-
tions of the cell membrane potential and of intracellular Ca2"
concentration ( 10, 11).

Using single-channel patch clamp techniques, we wanted to
identify the putative K+ channel underlying the rhythmic hy-
perpolarizations of the cell membrane potential in alkali-trans-
formed MDCKcells. Microelectrode studies suggested a Ca" -

activated K+ channel (6). Such a channel has been described
in nontransformed MDCKcells, too, and its regulation has
been studied extensively (12, 13). Furthermore, it is known
that ras-transformation of fibroblasts leads to the expression of
a novel Ca2+-activated K+ current (14). Therefore, we were
particularly interested in the properties of the putative Ca2`-
activated K+ channel in alkali-transformed MDCKcells. We
raised the following questions: Is it a novel channel? Is it a
modified form, or is it the "original" channel as it is found in
nontransformed parent MDCKcells?

Our results show that alkali-transformed MDCKcells ex-
press the "original" Ca2+-activated K+ channel, thereby im-
plying modifications of its regulators.

Methods

Cell culture. Experiments were carried out on MDCK-Fcells. As de-
scribed in detail (3), transformation of MDCKcells was achieved by
prolonged exposure of the cells to an alkaline growth medium (pH
7.7). Both cell types, nontransformed parent MDCKcells and trans-
formed MDCK-F cells, are shown in Fig. 1. Like the parent cells,
MDCK-Fcells were kept under standard cell culture conditions at
37°C in humidified air containing 5%CO2. Cells were grown in bicar-
bonate-buffered MEMwith Earle's salts (Biochrom KG, Berlin, Ger-
many) supplemented with 10% FCS (Biochrom). When MDCK-F
cells had reached subconfluency they were in part passaged and in part
seeded in low density on small coverslips loaded with poly-L-lysine (0.1
g/liter) (Serva, Heidelberg, Germany). Cells on these small coverslips
could be transferred to the stage of an inverted microscope (ID 02 MT;
Zeiss, Oberkochen, Germany) for patch clamp experiments. Experi-
ments were carried out on day 1 and 2 after seeding of the cells.
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Figure 1. Comparison of nontransformed parent MDCKcells (A) and alkali-transformed MDCK-Fcells (B). Note the dramatically altered
morphology of alkali-transformed MDCKcells. In contrast to "normal" MDCKcells, MDCK-Fcells no longer form epithelial layers, they lack
contact inhibition, and grow over each other (arrow). Moreover, they are moving over the bottom of the culture flask indicated by the ruffled
membrane areas (arrowhead).

Experimental solutions. Cells were bathed during all experiments
in Ringer's solution of the following composition (mmol/liter): 140
NaCl, 5 KCI, 1 MgCl2, 1 CaCI2, 5 glucose, 10 Hepes, titrated to pH 7.4
with 1 mol/liter NaOH(control Ringer's). For low Ca2' Ringer's solu-
tions (100 nmol/liter-50 jmol/liter), we used 1.3 mmol/liter EGTA
as Ca2' buffer and calculated the amount of Ca 2+ necessary to yield the
desired free Ca2' activities. The pipette solution contained (mmol/
liter): 140 KCl, 1 MgCl2, 1 CaCl2, 10 Hepes, titrated with 1 mol/liter
KOHto pH 7.4. All experiments were carried out at 370C.

Patch clamp technique. Patch clamp experiments were performed
according to the methods described by Hamill et al. (15). Pipettes,
pulled from micropipettes (Hirschmann Laborgerate, Eberstadt, Ger-
many), had resistances of 6-10 MOwhen filled with 140 mmol/liter
KCl. Recordings were made using a patch clamp amplifier (L/M-
EPC7; List Medical Electronic, Darmstadt, Germany). Single-channel
currents were filtered at 1.5 kHz by an eight-pole Bessel filter (902 LPF;
Frequency Devices Inc., Haverhill, MA). Data were stored on a video
cassette recorder (JVC HR-D430 EG; Victor Company, Japan) via a
digital pulse code modulator (PCM-50 1 ES; Sony). For data analysis,
digitized current records were read into an IBM-compatible computer
via an interface (TL- 1 DMA; Axon Instruments Inc., Foster City, CA)
and analyzed with software (pclamp; Axon Instruments Inc.).

Open probability P0 was determined according to the equation:

Pwe= in=s( th d time s t)

where tn is the dwell time spent at current levels corresponding to n = 1,

2, - * - Nchannels in the open state, n is the number of open channels,
Nthe total number of active channels in the patch, and T is the total
time of the analyzed record. Current amplitudes were determined by
fitting Gaussian distribution curves to amplitude histograms.

For kinetic analysis, histograms for open and closed dwell times
were created, and time constants were determined by performing maxi-
mal likelihood fitting with one or more exponentials for the open and
closed time histograms, respectively ( 16).

Statistics. All values are given as mean±SEM. Paired or unpaired
Student's t test was performed where applicable. Significance was as-
sumed when P < 0.05.

Results

In a first series of experiments, we looked for spontaneous
channel activity in the cell-attached patch configuration. Using
identical experimental solutions (bath, control Ringer's solu-
tion; pipette, 140 mmol/liter KCl) as in our previous study
performed in parent MDCKcells ( 13), we found, in contrast
to the former ones, spontaneous rhythmic channel activity.
Fig. 2 provides an example of a representative experiment. Pe-
riods with high channel activity can be clearly separated from
periods in which the channels remain closed. In this example,
at least four channels are intermittently activated.

To correlate the observed rhythmic channel activity with
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Figure 2. Oscillating activity of at least four channels recorded in the
cell-attached patch configuration. Periods with high channel activity
are alternating with periods in which channels remain closed. A sec-
ond channel of lower current amplitude can be seen as small deflec-
tion of the baseline current. There is no clear evidence for oscillating
activity of this channel. Channel openings are shown as downward
deflections from closed state (0).

oscillations of the cell membrane potential (6), we next ana-
lyzed whether both (i.e., cell membrane potential and K+
channels) are oscillating with a similar frequency. These results
are summarized in Fig. 3. Wemeasured a frequency of 1.1±0.1
minm-' (n = 16) for oscillations of channel activity. This is
virtually the same frequency as previously measured for oscil-
lations of the cell membrane potential (6), thereby indicating a
close correlation between channel events and hyperpolariza-
tions of the cell membrane potential.

When the cell membrane potential hyperpolarizes, the
driving force for K+ ions to move from the pipette into the cell
will increase, and the single channel amplitude should rise. In
our experiments, we determined the following values for sin-
gle-channel current amplitudes during periods of high channel
activity and during periods with low channel activity. During
high activity that is at the peak of an oscillation, single-channel
current amounted to -2.7±0.05 pA, whereas in the resting

1.5-

C ~~~~~~(16)
N,, 1.0-
Cl(

C
05

C.)
0

0.01
Figure 3. Frequency of oscillations of channel activity (left bar) and
of oscillations of the cell membrane potential (right bar). The mean
value for the cell membrane potential is taken from Westphale et al.
(6). Briefly summarized, MDCK-Fcells were fused to giant cells ac-
cording to the protocol previously described (8) and plated on cover-
slips. 24-72 h after fusion cells were impaled with microelectrodes
filled with 1 mol/liter KCI and the cell membrane potential was re-
corded continuously. During an experiment cells were superfused
with Ringer's solution. Both techniques yield virtually identical values
indicating that K+ channel oscillations displayed in Fig. 2 correspond
to oscillations of the cell membrane potential. n, Patch clamp; .,
microelectrode.

-Vpip=--20mV
2pA
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Figure 4. Period of high channel activity displayed at high time reso-
lution in the cell-attached patch configuration. In parallel to an in-
crease of channel activity, the single channel current amplitude rises
from -2 to - -3 pA thereby reflecting the simultaneous hyperpolar-
ization of the cell membrane potential. The cell membrane under the
patch was hyperpolarized by 20 mVto better visualize the current
flow. Channel openings are shown as downward deflections from
closed state (0).

state, single-channel current was -1.95±0.05 pA. Given a sin-
gle-channel conductance of 53 pS (see below), this difference
of current amplitude approximately corresponded to a hyper-
polarization of the cell membrane potential of 14 mV. This is
in the same order of magnitude as the cell membrane potential
fluctuations measured with microelectrodes (6). Moreover,
values for single channel current amplitudes also correlate well
with the absolute value of cell membrane potential.

Fig. 4 provides a recording of a period of high channel activ-
ity in an expanded time scale. It is clearly visible that the single-
channel current amplitude dramatically increases when the
channels become active.

In Fig. 5, this phenomenon is shown in a quantitative way.
It demonstrates the analysis of an experiment in which oscilla-
tory channel activity was observed in the cell-attached patch
configuration. The upper panel shows the channel open proba-
bility as a function of time and the lower panel displays the
single-channel current amplitude at the same time. Each point

.--r .-T I
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Figure 5. Simultaneous analysis of channel open probability and of
single channel current amplitude for a cell-attached patch recording
with oscillating channel activity. Each data point represents the mean
value for 5 s. Correlation between open probability and single channel
current amplitude is statistically significant.
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represents the mean value for a time interval of 5 s. As ex-
pected, open probability and single-channel current amplitude
are positively correlated (P < 0.05). Wetested for correlation
between open probability and single-channel amplitude in all
experiments. In all but one, we found a positive correlation (P
< 0.05). This further underlines that it is the observed inter-
mittently active channel that is responsible for the oscillations
of the cell membrane potential.

After demonstrating the presence of oscillating channel ac-
tivity, we wanted to characterize this channel and compare its
properties with a channel from parent MDCKcells. First, we
determined the conductance of the channel. In the cell-at-
tached patch configuration, we measured a slope conductance
of 53±3 pS for inward current (pipette potential ranged from
-Vpjp = -20 to -60 mV) and of 27±5 pS for outward current
(pipette potential ranged from -VPiP = 40 to 60 mV). Fig. 6
represents the corresponding current-voltage relationship of
seven experiments. These are virtually identical conductances
as described for the K+ channel from normal MDCKcells.
Inward rectification had also been confirmed in exised patches
using symmetrical solutions with 140 mmol/liter KCl ( 13).

Given the resting cell membrane potential of -20--25 mV
(6) and the composition of the pipette solution ( 140 mmol/
liter KCl), the reversal potential of 20 mVis indicative of a K+
channel. This is confirmed in experiments using the inside-out
patch configuration. The channel is selective for K+ over Na'.
The relative channel selectivity was determined from the shift
of the reversal potential ( - 40 mV) after a change of the bath
solution from control Ringer's (140 mmol/liter NaCl, 5
mmol/liter KCI) to one containing 140 mmol/liter KCL. The
selectivity ratio K4/Na4 is . 5:1 (n = 5), which is the same
value as in parent MDCKcells.

Wethen examined the kinetic behavior of the channel in
the inside-out patch configuration with control Ringer's solu-
tion containing 1 mmol/liter Ca24 in the bath. Again, we
found great similarities between the K4 channels from parent
and from transformed MDCK-Fcells. Under these conditions,
channel kinetics are characterized by brief channel openings
and closures interrupted by intermediate and rarely by long-
lasting channel closures. Wedetermined one open time con-
stant (tpen) and three closed time constants (tc,-3) (n = 4): tpen
= 11.3±4 ms; tc1 = 1.5±0.2 ms, t42 = 9.8±1.8 ms, t43
= 106.6±27.7 ms.

So far, our measurements indicate that transformed
MDCKcells express the same K4 channel as parent MDCK
cells. In parent MDCKcells, K4 channel activity shows a
strong Ca24 dependence (13). Microelectrode studies sug-

(19) Figure 7. Dose response
0.4- T curve of open probabil-

(4) ity for Ca24 for the 53-
0.3 (3) pS K4 channel recorded

0 (7) J in the inside-out patch0.2- 1 configuration. The
0.1- channel is virtually

(3) (6 closed at a Ca2+ con-
0.o e 6 5 4 3 centration of 100 nmol/

pCa (-logM) liter and it is half maxi-
mally activated at 10

gmol/liter. The number of experiments given in parentheses. oo is
nominally Ca24 free with 1.3 mmol/liter EGTA.

gested a role of intracellular Ca2" in triggering the rhythmic
activation of K4 channels in MDCK-Fcells. Therefore, it was
of great importance to examine the Ca2" sensitivity of the K+
channel in transformed MDCK-Fcells. Using the inside-out
patch configuration, we exposed the intracellular surface of the
patch membrane to varying Ca2` concentrations ranging from

- 10 pmol/liter (nominally Ca24 free plus 1.3 mmol/liter
EGTA) to 1 mmol/ liter. The results of these experiments are
summarized in Fig. 7. The channel is virtually closed at a free
Ca` activity of 100 nmol/liter and reaches its half maximal
activity at a Ca2` concentration of 10 imol/liter. Hence, K+
channels in MDCK-Fcells exhibit a 10 times higher Ca2` sensi-
tivity than K+ channels from parent MDCKcells ( 13).

In addition to the 53-pS Ca2"-sensitive K+ channel, we
found a second K4 channel with a slope conductance of 13±2
pS. This channel can be seen in Fig. 2 as small deflections of the
baseline current and in Fig. 8 recorded in the inside-out patch
configuration. Wecould find no evidence for oscillating activ-
ity of this channel in the cell-attached patch mode. Moreover,
as evident from Fig. 8, in inside-out patches it showed no Ca2+
sensitivity. Hence, it is unlikely that the small K+ channel is
underlying the oscillating cell membrane potential.

Discussion

MDCKcells transformed by sustained alkaline stress have ac-
quired new characteristic properties which clearly distinguish
them from "normal," nontransformed MDCKcells (3).

-V pip=OmV

Figure 6. Current-volt-
age relation for a K4
channel recorded in

itch seven experiments in
the cell-attached patch
configuration. Current
is plotted as function of
varying pipette poten-
tial. Curve fitting done
according to least
square method (Sigma-
plot 3. 1; Jandel Scien-
tific, Corte Madera,

I20 40 60 CA). Error bars are
within the symbols.
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Figure 8. Recording of
the small K4 channel
in the inside-out patch

-0 configuration. In this
experiment, the channel

1 was exposed to 1
mmol/liter and 100
nmol/liter Ca2" to

_0 demonstrate its Ca24
insensitivity. Channel

-1 openings shown as
downward deflections
from the closed state 0.

1 pA Bath: Ringer's solution;
pipette: 140 mmol/liter
KCL.
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MDCK-Fcells lack contact inhibition, they migrate over the
bottom of the culture flasks (7) and, most importantly in the
context of this study, they exhibit an unstable cell membrane
potential with spontaneous hyperpolarizations (6). In this
study we characterized the K+ channel underlying the instabil-
ity of the cell membrane potential. Weidentified a Ca2"-sensi-
tive K+ channel with almost identical biophysical properties as
the K+ channel from nontransformed MDCKcells. This also
includes the voltage insensitivity of the channel in the physio-
logical voltage range (results not shown). Onecould have antic-
ipated a model in which the channel was activated at depolar-
ized (i.e., -20 mV) and inactivated at more hyperpolarized cell
membrane potentials (i.e., -40 mV) thereby causing periodic
fluctuations of the cell membrane potential. However, the
rhythmic changes of channel open probability cannot be ac-
counted for by a voltage dependence of the channel. Therefore,
the oscillating K+ channel activity cannot be explained on the
basis of a modification of the biophysical properties of the
channel protein itself.

Our experiments rather point to modified regulators of the
K+ channel in transformed MDCKcells. In parent MDCK
cells, the K+ channel is regulated by protein kinase C, which
dramatically increases its Ca2" sensitivity in the inside-out
patch configuration ( 13 ). The notion of a modified regulation
of the K+ channel in MDCK-Fcells is supported by the follow-
ing observations: In parent MDCKcells no spontaneous chan-
nel activity is present in the cell-attached patch configuration.
The Ca"2-sensitive K+ channel has to be activated by agonists
such as serotonin or minoxidil sulfate which exert their effect
via the PKCsignalling pathway ( 12, 13). In contrast, in trans-
formed MDCK-Fcells, the Ca2+-sensitive K+ channel shows
spontaneous activity in an oscillatory pattern. However, rhyth-
mically changing activity of the K+ channel is not observed in
the cell-free inside-out patch configuration (results not
shown). Therefore, we have to postulate an intracellular trigger
that intermittently activates the K+ channel in MDCK-Fcells.

The trigger that causes activation of the K+ channel is most
likely intracellular Ca2+. This hypothesis is supported by the
finding that oscillations of the cell membrane potential cease
when Ca2+ is removed from the bathing medium (6). More-
over, the Ca2+ dependence of the K+ channel also points to this
possibility. Direct evidence for the involvement of intracellular
Ca2+ comes from experiments in which the fluorescent Ca2+-
sensitive dye fluo-3 was used for monitoring intracellular Ca2 .
It could be demonstrated that the intensity of the fluorescence
signal is not stable, but also exhibits spontaneous oscillations of
similar frequency as the K+ channel activity ( 17). These Ca2+
measurements also provide strong support for the contention
that the small, Ca2+ -insensitive K+ channel is not responsible
for the oscillations of the cell membrane potential. Simulta-
neous oscillations of K+ channel activity and of intracellular
Ca2` have also been found in mammaryepithelial cells ( 18).

Our experiments do not allow to identify the primary "mo-
tor" for the oscillations. However, our observations of oscillat-
ing K+ channels in MDCK-Fcells and of biophysically identi-
cal K+ channels in parent MDCKcells that are active only
upon application of agonists, are quite similar as results from
ras-transformed fibroblasts (19). In ras+ fibroblasts, brady-
kinin causes oscillations ofthe cell membrane potential by peri-
odic activation of Ca2`-sensitive K+ channels whereas ras-
fibroblasts only respond with a transient hyperpolarization. In
ras+ fibroblasts elevated levels of 1,4,5-inositol-triphosphate

were found. Moreover, in ras fibroblasts pretreated with lith-
ium, elevated levels of 1,4,5-inositol-triphosphate were found
and bradykinin also caused oscillations of the cell membrane
potential. These experiments provide strong evidence for the
involvement of the protein kinase C signaling pathway in gen-
erating oscillations of the cell membrane potential in ras-trans-
formed NIH 3T3 fibroblasts. They are in good agreement with
experiments in ras-transformed rat fibroblasts in which activa-
tion of protein kinase C and enhancement of phosphoinositol
metabolism was observed (20).

Interestingly, in normal MDCKcells oleoylacetylglycerol, a
synthetic activator of protein kinase C, elicits oscillatory activ-
ity of the Ca2"-sensitive K+ channel, too ( 13). It is therefore
tempting to speculate that protein kinase C also plays a crucial
role in modulating spontaneously oscillating K+ channel activ-
ity in alkali-transformed MDCKcells. Further experiments are
needed to determine whether the increased Ca2" sensitivity of
the 53 pS K+ channel can be accounted for by a permanent
activation of protein kinase C in alkali-transformed MDCK
cells.

As already pointed out, transformation of MDCKcells
does not affect the biophysical properties of the channel pro-
tein. Similarly, normal and carcinomatous murine mammary
carcinoma cells also express the same Ca2+-activated K+ chan-
nel. In normal mammaryepithelial cells, oscillatory K+ chan-
nel activity can be induced by epidermal growth factor,
whereas K+ channel activity is spontaneously oscillating in car-
cinomatous mammarycells (21, 22). These authors discussed
the possibility that oscillating K+ channels might be related to
the proliferation of mammary cells. This would be consistent
with observations made in fibroblasts in which mitogens such
as FCSinduce oscillations of intracellular Ca2 - and of a Ca2+_
sensitive K+ current (23). It is also well known that cell divi-
sions of oocytes are accompanied by oscillations of the cell
membrane potential and of intracellular Ca2+ (24).

Wedo not believe that oscillating K+ channel activity is
related to altered proliferation of MDCK-Fcells, since growth
of nontransformed MDCKcells and of MDCK-Fcells does not
differ when observed for 8 d (unpublished observation from
our laboratory). However, we have evidence that oscillatory
K+ channel activity is related to migration of MDCK-Fcells.
MDCK-Fcells are spontaneously migrating over the bottom of
the culture flask at a rate of 0.9 ,m/min (7). In contrast, non-
transformed MDCKcells whose cell membrane potential is
not oscillating do not change their position when observed over
extended time periods. Moreover, recent experiments demon-
strate that K+ channel blockers such as barium or tetraethyl-
ammonium (7) also interfere with cell motility, thereby point-
ing to the functional link between K+ channel oscillations and
migration. In human neutrophils, a correlation between oscil-
lations and migration was postulated, too. Here, transient in-
creases of intracellular Ca2+ were found to be required for the
cells to migrate (25).

In summary, we identified a 53-pS Ca2 -sensitive K+chan-
nel as underlying spontaneous oscillations of the cell mem-
brane potential of alkali-transformed MDCK-F cells. Non-
transformed parent MDCKcells express a virtually identical
K+ channel. Weconclude that oscillations of the cell mem-
brane potential of alkali-transformed MDCKcells cannot be
explained on the basis of a modification of the biophysical
properties of the Ca2"-sensitive K+ channel, but rather by a
modification of its regulators.
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