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Abstract. Ochratoxin A (OTA) is a nephrotoxin which
blocks plasma membrane anion conductance in Madin-
Darby canine kidney (MDCK) cells. Added to the cul-
ture medium, OTA transforms MDCK cells in a man-
ner similar to exposure to alkaline stress. By means of
video-imaging and microelectrode techniques, we in-
vestigated whether OTA (1 pmol/liter) affects intracel-
lular pH (pH,), C1™ (C1™)) or cell volume of MDCK cells
acutely exposed to normal (pH = 7.4) and alkaline
(pH,,, = 7.7) conditions. At pH ., OTA increased
Cl~, by 2.6 * 0.4 mmol/liter (n = 14, P < 0.05) but had
no effect on pH,. At pH_,, application of OTA in-
creased C1~, by 8.6 £ 2.6 mmol/liter (n = 10, P < 0.05)
and raised pH, by 0.11 * 0.03 (n = 8, P < 0.05). The
CI"/HCO,~ exchange inhibitor DNDS (4,4’-dinitro-stil-
bene-2,2'-disulfonate; 10 pwmol/liter) eliminated the
OTA-induced changes of pH, and C1~,. OTA did not af-
fect cell volume under both pH and pH, , conditions.

We conclude that the OTA-induced blockade of
plasma membrane anion conductance increases Cl™,
without changing cell volume. The driving force of
plasma membrane C17/HCO,~ exchange dissipates,
leading to a rise of pH, when cells are exposed to an
acute alkaline load. Thus, OTA interferes with pH; and
C1™, homeostasis leading to morphological and func-
tional alterations in MDCK cells.

Key words: Ochratoxin A — MDCK cells — Intracel-
lular chloride — Intracellular pH — DNDS
Introduction

The nephrotoxin Ochratoxin A (OTA) is ubiquitously
distributed in fungal-contaminated nutrients [15]. It
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causes severe impairment of kidney function in sever-
al species [14, 25] and increases the incidence of renal
adenoma and carcinoma [1]. The impairment of the kid-
ney to concentrate the final urine [14] suggests that
OTA may act on nephron portions beyond those of the
proximal tubule. In agreement with this view, in col-
lecting duct-derived MDCK cells [27] OTA reduces the
plasma membrane anion conductance at concentrations
20 times lower than those of the Cl1™-channel blocker 5-
nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) [8,
29].

When OTA is added to MDCK cells in culture,
phenotypical changes occur, identical to those observed
in MDCK cells grown under alkaline stress [31]. To in-
vestigate whether OTA may disturb intracellular pH
homeostasis via inhibition of plasma membrane anion
conductance, we measured intracellular pH (pH,) and in-
tracellular CI™ activity (CI™)) in response to acute OTA
exposure, at normal extracellular pH (pH = 7.4) and
during alkalosis (pH = 7.7). Because the activity of the
anion exchanger depends on pH, [10], alkalosis was
used to activate C17/HCO, ™~ exchange, thus unmasking
a possible effect of OTA on pH, and C1™,.

We found that OTA leads to an increase of intra-
cellular C17, which could be prevented by the addition
of the C1"/HCO,~ exchange blocker DNDS [7]. Fur-
thermore, OTA increased intracellular pH at conditions
in which C17/HCO,~ exchange was active.

Materials and Methods

MDCK CELL CULTURE

Cells (2 - 105) obtained at passage 53 from the American Type Cul-
ture Collection were seeded in coated plastic culture dishes (growth
area = 75 cm?; Nunc, Wiesbaden, Germany) in 10 ml Minimum Es-
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sential Medium with Earle’s salts, nonessential amino acids and L-glu-
tamine (MEM, Biochrom KG, Berlin, Germany) and cultured under
standard cell culture conditions (37°C, 5% CO,). MEM was supple-
mented with 10% fetal calf serum (Biochrom KG) and 26 mmol/liter
NaHCOQ,. The medium was changed three times a week and the
cells were split once a week. Under control conditions, MDCK cells
form confluent monolayers. For the measurement of membrane po-
tential, intracellular C1~ activity, intracellular pH and cell volume,
MDCK cells were seeded on thin glass microscope coverslips
pretreated with poly(L-)lysine (0.1 g/liter; Serva, Heidelberg, Ger-
many).

For the investigation of cell shape and cell growth in the pres-
ence of the mycotoxin, cells were grown in a medium containing 10
umol/liter OTA. After three days, numerous spindle-shaped cells
could be detected, while the formation of a confluent monolayer was
lacking. The cells were then removed by short incubation with trypsin
(Biochrom KG) and transferred to a new petri dish. This procedure
was repeated four times (in intervals of four days), resulting in an en-
richment of spindle-shaped cells. For cloning, cells were removed
from the dish, diluted and seeded in a 96-well dish. The cloned cells
grown on regular culture medium were called O-MDCK cells. The
same procedure applying alkaline MEM leads to similar cell trans-
formation as reported previously [21, 31].

ELECTROPHYSIOLOGICAL MEASUREMENTS

Single cells (MDCK cells as well as O-MDCK cells) were fused to
form giant cells according to the techniques published by Kersting et
al. [11]. Plasma membrane potential (PD) of O-MDCK cells was mea-
sured with electrophysiological techniques recently described in de-
tail [31]. Cells were impaled with conventional microelectrodes
filled with 1 mol/liter KC1. The microelectrodes were connected via
Ag/AgCl half-cells to a high impedance electrometer (FD 223, WPI,
Hamden, CT).

MEASUREMENTS OF INTRACELLULAR
CHLORIDE ACTIVITY

Fused MDCK cells were impaled with a liquid ion-exchange chloride-
selective microelectrode (resin no. 477913, Corning Glass, Medfield,
MA) and a conventional PD microelectrode. Measurements were per-
formed as reported previously [13]. The slopes of the electrodes were
between 50 and 58 mV for a 10-fold increase in C1~ activity. Intra-
cellular C1™ activities (C1™)) were calculated according to the equa-
tion CI7, = C17 - expl0 - (PD® — PD)/slope, where Cl~_ is the
extracellular C1~ concentration and PD®! the electrochemical poten-
tial difference of C1™.

The Ringer solution used for superfusion was composed as fol-
lows (in mmol/liter): 110 NaCl, 24 NaHCO,, 5.4 KCl, 1.2 CaCl,, 1
NaH,PO,/Na,HPO,, 0.8 MgCl,, 5.5 p-glucose; gassed with 5% CO,
to a pH of 7.4 at 37°C. To obtain an extracellular pH of 7.7, the Ringer
solution contained 48 mmol/liter NaHCO, (gassed with 5% CO,)
and the concentration of NaCl was reduced by 24 mmol/liter.

MEASUREMENTS OF INTRACELLULAR pH

Intracellular pH of single cells was determined using the pH-sensi-
tive dye BCECF (2'7’-pibis-(2-carboxyethyl)-5,6-carboxyfluorescein,
Molecular Probes, Eugene, OR) as described elsewhere [5, 26, 30].
In brief, cells were incubated with MEM containing BCECF in a fi-
nal concentration of 3 pmol/liter for 15 min. The coverslips then were
rinsed four times with superfusion solution to remove the BCECF-con-
taining medium. The coverslips were transferred to the stage of an
inverted IM 35 Zeiss microscope (630X magnification, oil immer-
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sion). Excitation light source was a 50 W mercury lamp. The exci-
tation wavelengths were 436 = 5 and 485 * 5 nm, the emitted light
was filtered through a bandpass-filter (515-565 nm). The data ac-
quisition rate was one fluorescence intensity ratio (485/436 nm) every
10 sec. Images were digitized on-line using a video-imaging software
(Java, Jandel Scientific, Corte Madera, CA). After background sub-
traction, fluorescence intensity ratios (485/436 nm) were calculated.
Calibration was performed after each experiment by the nigericin (Sig-
ma, St. Louis, MO) technique [26, 30], using at least three calibra-
tion solutions in the range from pH 6.8 to 7.8.

MEASUREMENT OF INTRACELLULAR FREE
CaLciuM (Ca?*)

Ca?*, was determined using the Ca?* -sensitive dye Fura 2-AM (Mol-
ecular Probes) as described elsewhere [3, 9, 32). In brief, cells were
incubated with MEM containing Fura 2-AM in a final concentration
of 5 umol/liter for 45 min. After rinsing, the coverslips were mount-
ed on the stage of an inverted Axiovert 100 TV microscope (400X
magnification, oil immersion; Zeiss, Oberkochen, Germany). The flu-
orescence signal was monitored at 500 nm with excitation wave-
length alternating between 334 and 380 nm using a 100 W Xenon
lamp and an automatic filter change device (Zeiss). Filter change and
data acquisition were controlled by the Attofluor™ software (Zeiss).
[Ca%*], was calculated according to the method of Grynkiewicz et al.
[9] with a dissociation constant of 225 nmol/liter. The maximum and
minimum fluorescence ratios (R, and R . ) were measured after ad-
dition of the calibration solutions. R, was measured in the presence
of Ringer containing 3 mmol/liter Ca?* and 1 pmol/liter ionomycin
(Sigma), R, was measured in the presence of Ca**-free Ringer so-
lution containing 10 mmol/liter EGTA and 1 umol/liter ionomycin.

MONITORING OF CELL VOLUME

Cell volume was monitored with the above-described microscope
and video-imaging software. As described by Kersting et al. [13], rel-
ative changes of cell diameter are in the same range as relative
changes of cell volume. Thus, we determined two perpendicular di-
ameters for each cell at the different times of the measurement and
related the mean of them to the mean of the diameters at time = 0 min
(=100%).

CHEMICALS

Ochratoxin A was obtained from Sigma. DNDS was a gift of Dr.
Frolich, Chicago, IL. All other substances were of analytical grade
(purchased from Merck, Darmstadt, FRG), if not stated otherwise.

STATISTICS

The data are presented as mean values * sEM. Significance of dif-
ference was tested by paired or unpaired #-test as applicable. Differ-
ences were considered significant if P < 0.05.

Results

ErreCcT OF OTA oON THE PHENOTYPE OF MDCK CELLS

Exposure of MDCK cells to OTA (10 pmol/liter, n =
4) over 3—4 days led to sustained phenotypical changes
identical to those maintained at alkaline stress [31].
The OTA-treated cells (O-MDCK cells) retained their
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Fig. 1. (a) Confluent monolayer of normal wild-type MDCK cells maintained in standard culture medium. (b) Cloned O-MDCK cells main-
tained in standard culture medium for three weeks (i.e., after nine splitting procedures). The pleiomorphic cells grow irregular in multilayers
and lack contact inhibition. (¢) Plasma membrane potential (PD) recorded in a fused O-MDCK cell. PD shows spontaneous hyperpolarizing
spikes. (d) Intracellular free Ca?* concentration of O-MDCK cells exhibits spontaneous spikes, which probably trigger the hyperpolarizing spikes

of PD. Representative tracing from a single cell (n = 10).

abnormal phenotypical growth pattern in regular culture
medium. The O-MDCK cells are unable to form an or-
ganized tight monolayer in contrast to the normal MD-
CK parent cells (Fig. 1la and ). O-MDCK celis are
spindle-shaped and lack contact inhibition as indicated
by multilayered spots (so-called foci). The membrane
potential of O-MDCK cells was not stable but showed
spontaneous hyperpolarizing spikes (Fig. 1¢) with an
amplitude of 2C = 5 mV and a frequency of 1.0 = 0.1
spikes/min (n = 6). Furthermore, O-MDCK cells ex-
hibited spontaneous cytosolic Ca?* spikes (Fig. 1d)
with a frequency of 0.7-1 spikes/min (n = 10), which
probably trigger the spontaneous PD changes via Ca?*-

sensitive K*-channels [24, 32]. The morphological and
functional characteristics of O-MDCK cells are virtually
identical to those of MDCK-F cells reported previous-
ly [31, 32].

ErFrEcT OF OTA ON INTRACELLULAR C1™
Acrivity (C17)

Cl17, in fused MDCK cells under control conditions (ex-
tracellular pH 7.4) was 54 *= 4 mmol/liter (n = 25;
Table 1). When 1 pmol/liter OTA is added under pH
control conditions, C1~, increased significantly by 2.6
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Table 1. PD, Cl™; and pH, of fused MDCK cells at control pH (7.4)
and alkaline pH (7.7) in the superfusion

pH74 pH 7.7
PD (mV) -232 *+3.730) —24.6 *3.6(15)
Ct~,; (mmol/liter) 54 £4(5) 45 x5 (10)*
pH, 7.19 £ 0.02 (20) 7.30 = 0.02 (10)*
PD = plasma membrane potential. C1~; = intracellular chloride ac-

tivity. pH; = intracellular pH. *P < 0.05 compared to control (n).

% 0.4 mmol/liter (n = 15; Fig. 2a and Table 2). CI~,

approached the plateau value within 2-4 min. CI7; of

fused MDCK cells under alkaline conditions (extra-
cellular pH 7.7) was 45 = 5 mmoV/liter (n = 10; Table
1). In this case, addition of 1 pumol/liter OTA led to a
significant increase of C17, of 8.6 = 2.6 mmol/liter (n
= 10; Fig. 2b and Table 2) within 2—4 min. The OTA-
induced increase of C1~, at pH 7.7 was significantly
larger compared to the increase at pH 7.4. In the pres-
ence of the C1"/HCO,™~ exchange blocker DNDS (10
pmol/liter), Cl‘i was 26.7 = 1.0 mmol/liter (n = 5;
Table 3). Addition of OTA in the presence of DNDS
had no effect on C17;at pH 7.7 (n = 5; Table 3 and Fig.
5a).

EFFECT OF OTA ON INTRACELLULAR pH (pH,)

At control conditions (pH 7.4), pH, was 7.19 = 0.02 (n
= 20; Table 1). The addition of OTA had no effect on
pH, (Table 2). In the presence of DNDS, pH, was 7.15
* 0.04 (n = 7). The absence of an alkalinizing effect
of DNDS indicates that C1"/HCO, ™ exchange is not ac-
tive under control conditions. Under alkaline conditions
(pH 7.7), pH, was 7.30 = 0.02 (n = 10; Table 1). The
addition of OTA led to an alkalinization of the cells
within 3-5 min. pH, increased significantly by 0.11 *
0.03 (n = 10; Fig. 3 and Table 2) to 7.41 * 0.05. In
the presence of DNDS (extracellular pH 7.7), pH, was
7.45 = 0.04 (n = 7; Table 3), indicating that
CI"/HCO,™ exchange is active at an alkaline pH. Fur-
thermore, DNDS (10 umol/liter) prevented the alkalin-
izing effect of OTA on pH, (ApH, = 0.001 £ 0.03,n =
7; Table 3 and Fig. 5b).

ErrecT OF OTA ON CELL VOLUME

Figure 4 shows the relative changes of cell volume un-
der control and alkaline conditions, respectively. The
mean cell diameter was 37.3 = 1.3 um (n = 17). When
the superfusion solution was changed from control to al-
kaline conditions, no effect on cell volume was ob-
served (relative cell volume under alkaline conditions
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Fig. 2. (a) Effect of OTA (1 umol/liter) on the intracellular C1~ ac-
tivities at normal pH (7.4). Mean CI™; change is statistically signifi-
cant. (b) Effect of OTA (1 pmol/liter) on the intracellular C1™ activ-
ity at alkaline pH (7.7). Mean C1~, change is statistically significant.

Table 2. Change of PD, C17, and pH; of fused MDCK cells at con-
trol pH (7.4) and alkaline pH (7.7) in presence of OTA (1 pmol/liter)

pH74 pH 7.7
APD (mV) +0.6 = 0.3(15) -3.1 =0.9(10)*b
ACI™; (mmoV/liter) +2.6 £ 04152 +8.6 =2.6(10)2>
ApH; —0.02 = 0.02 (6) +0.11 = 0.03 (10)»®
APD = change of plasma membrane potential. ACI™, = change of in-

tracellular chloride activity. ApH; = change of intracellular pH. *Sig-
nificantly different from zero. YP < 0.05 compared to the changes at
control pH (7.4), (n).
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Table 3. PD, CI7, and pH, of fused MDCK cells in the presence of DNDS (10 pmol/liter)

at alkaline pH (7.7) and changes (A) induced by OTA (1 umol/liter)

PD (mV) —36.4 =24 (5)* APD
C17, (mmol/liter) 26.7 = 1.0 (5)* ACL,
pH, 7.45 = 0.04 (7)* ApH,

-04 =150
—1.6 = 25(5)*
0.001 % 0.03 (7)*

PD = plasma membrane potential. C1~, intracellular chloride activity. pH; = intracellular pH.
DNDS = 4,4"-dinitro stilbene-2,2"-disulfonate. *P < 0.05 compared to experiments at pH 7.7

but in absence of DNDS, (n).
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Fig. 3. Effect of OTA (1 pmol/liter) on the intracellular pH at alka-
line pH (7.7). pH, changes are statistically significant.

was 99.5 =+ 0.7%, n = 9). Neither under control (n =
8) nor alkaline conditions (n = 9) did OTA induce sig-
nificant changes in relative cell volume (Fig. 4).

Discussion

The mycotoxin Ochratoxin A was first described by
Merwe et al. [17] in 1965. Subsequent studies un-
masked OTA as a toxin causing nephropathies [14] and
kidney carcinomas [1]. Pathological findings such as
polyuria and reduced urine osmolality [2, 14], drew at-
tention to effects of OTA on nephron sections beyond
the proximal tubule [8]. To study the action of OTA at
the cellular level, we used Madin-Darby canine kidney
(MDCK) cells, which resemble the intercalated cells of
renal collecting duct [20, 27].

The function of intercalated cells strongly depends
on plasma membrane C1~ conductance [4, 22]. Chlo-
ride ions enter the cell via CI"/HCO,™ exchange (6] and
exit the cell through a Cl™-conductive pathway driven
by an outward-directed electrochemical driving force.
Inhibition of the C1~ exit step should result in intracel-
lular C1™ accumulation and, thus, reduce the driving
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Fig. 4. Relative cell volume of fused MDCK cells after addition of
OTA (1 pmol/liter) at control (n = 8) and alkaline pH (n = 9). The
volume before addition of OTA at control conditions (pH 7.4) refers
to 100%. Superfusion at alkaline conditions (pH 7.7) had virtually no
effect on relative cell volume (99.5 * 0.7%). Furthermore, OTA did
not change the relative cell volume significantly.

force of C17/HCO,~ exchange. Consequently, intra-
cellular pH is expected to rise.

In a previous study [8], we showed that in MDCK
cells OTA impairs plasma membrane anion conduc-
tance even more effectively than the potent C1™-chan-
nel blocker NPPB (5-nitro-2-(3-phenylpropylamino)
benzoic acid [29]). Furthermore, OTA mimics the ef-
fect of alkaline stress on MDCK cells. Exposure of
MDCK cells to OTA in culture led to irreversible cell
transformation (Fig. 1), similar to that observed with al-
kaline stress [31]. Hence, we investigated whether
OTA deranges intracellular acid-base homeostasis due
to its interaction with plasma membrane anion conduc-
tance. Preliminary data obtained using the patch clamp
technique (inside-out patch mode) showed that appli-
cation of OTA led to a decrease of the open probabili-
ty of C1” channels in MDCK cells (unpublished re-
sults).

Under control conditions, intracellular C1~ activi-
ty was significantly above the activity calculated for
passive distribution of chloride across the plasma mem-
brane (calculated concentration = 48.1 * 6.1 mmol/
liter, compare with the actual concentration of 54 + 4
mmol/liter; Table 1). Under alkaline conditions, the dif-
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Fig. 5. (a) Change of intracellular Cl1~ concentration after addition of OTA (1 umol/liter) at control pH (7.4), alkaline pH (7.7) and alkaline
pH in the presence of DNDS (10 pmol/liter). * Significantly different from zero. (») Change of intracellular pH after addition of OTA (1 pmol/liter)
at control pH (7.4), alkaline pH (7.7) and alkaline pH in the presence of DNDS (10 pmol/liter). * Significantly different from zero.

ference between concentration calculated for passive
distribution (passive distribution = 36.1 = 5.3
mmol/liter) and the intracellular C1~ concentration mea-
sured (45 * 5 mmol/liter; Table 1) increased about
threefold. Thus, the electrochemical driving force for
Cl~ fluxes was directed outwards across the plasma
membrane in both cases. The addition of OTA led to
an increase of C17, due to the blockade of C1™-conduc-
tive pathway. Activation of CI"/HCO,~ exchange at al-
kaline intracellular pH {10] resulted in an OTA-induced
increase of Cl1~; about threefold compared to the OTA-
induced increase observed at control pH. In both cas-
es, cell volume remained constant, so that the increase
of Cl~, stands for intracellular CI” accumulation. In
the presence of DNDS (at alkaline pH), the intracellu-
lar activity of chloride calculated for passive distribu-
tion (mean = 23.1 * 3.2 mmol/liter) was not signifi-
cantly different from the activity measured (26.7 = 1
mmol/liter; Table 3). Since DNDS is a very potent
blocker of C17/HCO,™ exchange (binding constant 90
nmol/liter for human erythrocyte anion transporter [7]),
it can be assumed that CI"/HCO,~ exchange was com-
pletely blocked in these experiments. Thus, the passive
distribution of chloride across the plasma membrane in
the presence of DNDS indicates that C17/HCO,™ ex-
change is virtually the only system for active C1~ up-
take at alkaline pH. Blockade of CI"/HCO,™ exchange
abolishes the OTA-induced C1~ accumulation. These
findings indicate that OTA impairs transmembrane re-

cycling of C17, which enters the cell by C1"/HCO,™ ex-
change.

The increase of Cl1™, decreases the net driving force
of plasma membrane C1"/HCO,~ exchange and, thus,
should lead to intracellular alkalinization if CI"/HCO,~
exchange is active. Addition of OTA at alkaline pH
(i.e., at activated CI"/HCO,~ exchange) increased in-
tracellular pH significantly but had no significant effect
when added at control pH (at inactivated C1"/HCO,~
exchange). If this effect was due to the reduced driving
force of C1"/HCO,~ exchange, DNDS should abolish
the effect of OTA. This was indeed the case. Addition
of DNDS resulted in a rise of cellular pH only at alka-
line pH, indicating that C1"/HCO,~ exchange is active
only at alkaline pH. At control pH, CI"/HCO,™ ex-
change is inactive [10]. Therefore, C1~ accumulation
in the cells was lower and pH, remained virtually con-
stant. Under these conditions, transport of C1~ into the
cells is probably mediated by the Nat-K*-2C1~ co-
transporter, known to be present in these cells [16].

Addition of OTA or DNDS, respectively, led to a
hyperpolarization of PD. This hyperpolarization was
most probably the result of an increase of the (relative
and/or absolute) plasma membrane K* conductance.
In the case of OTA, the decrease of the plasma mem-
brane anion conductance known to occur at these con-
ditions [8] may have increased the K* conductance rel-
ative to the overall membrane conductance. The change
of PD after addition of DNDS was fourfold compared
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to the PD change after addition of OTA. Most likely,
this hyperpolarization was due to the pronounced
DNDS-induced alkalinization known to stimulate the
K™ channels of the plasma membrane [19]. Addition-
ally, there might be an effect of rtheogenic HCO,™ trans-
port leading to further hyperpolarization as described for
other stilbene derivates [28].

We conclude from our results that the reduction of
plasma membrane anion conductance by OTA, as de-
scribed in a previous study [8], deranges intracellular
acid-base homeostasis in MDCK cells. The blockade of
the Cl™-conductive pathway leads to intracellular ac-
cumulation of C1~ which enters the cell through C17/
HCO,™ exchange. Consequently, the driving force of
the CI7/HCO,~ exchanger for HCO,™ extrusion de-
creases, leading to intracellular alkalinization. This ac-
tion of OTA may explain the sustained morphological
and functional alterations in MDCK cells. Depending
on the functional state of the MDCK cells in culture [12,
23], OTA may more or less lead to intracellular alka-
linization and thereby induce alkaline stress. Intracel-
lular pH may be remarkably elevated when cells are
growing [18], thus possibly representing a vulnerable
phase to OTA during cell proliferation. If the observed
effect of OTA on cells in culture holds true for collect-
ing duct cells in vivo, the disturbance of cellular acid-
base homeostasis could explain at least some func-
tional alterations induced by OTA [§], such as reduced
excretion of titrable acid, and thus, could be the initial
event of OTA-induced nephropathy.

This study was carried out with the technical assistance of Sigrid
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The work was supported by the Deutsche Forschungsgemein-
schaft (DFG, Si 170/7-1).

We thank the Zeiss Company (Oberkochen, Germany) for pro-
viding the Attofluor™ video-imaging system for the intracellular
Ca?* measurements.

References

1. Bendele, A.M., Carlton, W.W., Krogh, P., Lillehoj, E.B. 1985.
Ochratoxin A carcinogenesis in the (C57BL/6J X C3H)F1 mouse.
J. Natl. Cancer Inst. 75:733-742

2. Berndt, W.0O., Hayes, A.W. 1979. In vivo and in vitro changes
in renal function caused by ochratoxin A in the rat. Toxicology
12:5-17

3. Dai, L.-J., Quamme, G.A. 1993. Atrial natriuretic peptide initi-
ates Ca’* transients in isolated renal cortical thick ascending
limb cells. Am. J. Physiol. 265:F592-F597

4. Dietl, P., Stanton, B.A. 1992. Chloride channels in apical and ba-
solateral membranes of CCD cells (RCCT-28A) in culture. Am.
J. Physiol. 263:F243-F250

5. Dreher, D., Rochat, T. 1992. Hyperoxia induces alkalinization and
dome formation in MDCK epithelial cells. Am. J. Physiol.
262:C358-C364

6. Drenckhahn, D., Schluter, K., Allen, D.P., Bennett, V. 1935.
Colocalization of band 3 with ankyrin and spectrin at the basal

13.

14.

18.

19.

20.

21.

22.

23.

24,

25.

189

membrane of intercalated cells in the rat kidney. Science
230:1287-1289

. Frohlich, O. 1982. The external anion binding site of the human

erythrocyte anion transporter: DNDS binding and competition
with chloride. J. Membrane Biol. 65:111-123

. Gekle, M., Oberleithner, H., Silbernagl, S. 1993. Ochratoxin A

impairs postproximal nephron function in vivo and blocks plas-
ma membrane anion conductance in Madin-Darby canine kidney
cells in vitro. Pfluegers Arch. 425:401-408

. Grynkiewicz, G., Poenie, M., Tsien, R.Y. 1985. A new genera-

tion of Ca?* indicators with greatly improved fluorescent prop-
erties. J. Biol. Chem. 260:3440-3450

. Kaila, K., Vaughan-Jones, R.D. 1987. Influence of sodium-hy-

drogen exchange on intracellular pH, sodium and tension in sheep
cardiac Purkinje fibres. J. Physiol. 390:93-118

. Kersting, U., Joha, H., Steigner, W., GaBner, B., Gstraunthaler,

G., Pfaller, W., Oberleithner, H. 1988. Fusion of cultured dog kid-
ney (MDCK) cells: I. Technique, fate of plasma membrane and
cell nuclei. J. Membrane Biol. 111:37-48

. Kersting, U., Schwab, A., Treidtel, M., Pfaller, W., Gstraun-

thaler, G., Steigner, W., Oberleithner, H. 1993. Differentiation of
Madin-Darby canine kidney cells depends on cell culture condi-
tions. Cell Physiol. Biochem. 3:42-55

Kersting, U., Wojnowski, L., Steigner, W., Oberleithner, H. 1991.
Hypotonic stress-induced release of KHCO, in fused renal ep-
ithelioid (MDCK) cells. Kidney Int. 39:891-900

Krogh, P., Axelsen, N.H., Elling, F., Gryd-Hansen, N., Hald, B.,
Hyldgaard-Jensen, J., Larsen, A.E., Madsen, A., Mortensen, H.P.,
Moller, T., Petersen, O.K., Ravnskov, U., Rostgaard, M., Aalund,
0. 1974. Experimental porcine nephropathy. Acta Pathol. Mi-
crobiol. Scand. A Suppl.No.246:1-21

. Kuiper-Goodman, T., Scott, P.M. 1989. Risk assessment of the

mycotoxin ochratoxin A. Biomed. Environ. Sci. 2:179-248

. McRoberts, J.A., Erlinger, S., Rindler, M.J., Saier, M.H. 1982.

Furosemide-sensitive salt transport in the Madin-Darby canine
kidney cell line. J. Biol. Chem. 257:2260-2266

. Merwe, K.J., Steyn, P.S., Fourie, L., Scott, D.B., Theron, J.J.

1965. Ochratoxin A, a toxic metabolite produced by Aspergillus
ochraceus Wilh. Nature 205:1112-1113

Oberleithner, H. 1992. Endogenous pH oscillations in trans-
formed epithelial cells. Cell Physiol. Biochem. 2:180-188
Oberleithner, H., Kersting, U., Silbernagl, S., Steigner, W., Vo-
gel, U. 1989. Fusion of cultured dog kidney (MDCK) cells: I1.
Relationship between cell pH and K* conductance in response to
aldosterone. J. Membrane Biol. 111:49-56

Oberleithner, H., Vogel, U., Kersting, U. 1990. Madin-Darby
canine kidney cells 1. Aldosterone-induced domes and their eval-
uation as a model system. Pfluegers Arch. 416:526-532
Oberleithner, H., Westphale, H.-J., GaBiner, B. 1991. Alkaline
stress transforms Madin-Darby canine kidney cells. Pfluegers
Arch. 419:418-420

Reeves, W.B., Andreoli, T.E. 1992, Renal epithelial chloride
channels. Annu. Rev. Physiol. 54:29-50

Richardson, J.C.W., Scalera, V., Simmons, N.L. 1981. Identifi-
cation of two strains of MDCK cells which resemble separate
nephron tubule segments. Biochim. Biophys. Acta 673:26-36
Schwab, A., Westphale, H.-J., Wojnowski, L., Wiinsch, S., Ober-
leithner, H. 1993. Spontaneously oscillating K* channel activi-
ty in transformed Madin-Darby canine kidney cells. J. Clin. In-
vest. 92:218-223

Stein, A.F., Geerling, S., Mollenhauer, H.H., Kubena, L.F., Hei-
delbaugh, N.D., Phillips, T.D. 1984. Effects of ochratoxin A in
the partially nephrectomized rat. J. Toxicol. Environ. Health
14(4):535-550



190

26. Thomas, J.A., Buchsbaum, R.N., Zimniak, A., Racker, E. 1979.
Intracellular pH measurements in Ehrlich ascites tumor cells uti-
lizing spectroscopic probes generated in situ. Biochemistry
18:2210-2218

27. Valentich, J.D. 1981. Morphological similarities between the
dog kidney cell line MDCK and the mammalian cortical col-
lecting tubule. Ann. NY Acad. Sci. 372:384-405

28. Wang, W, Dietl, P., Oberleithner, H. 1987. Evidence for Na* de-
pendent rheogenic HCO, ™ transport in fused cells of frog distal
tubules. Pfluegers Arch. 408:291-299

29. Wangemann, P., Wittner, M., Di Stefano, A., Englert, H.C.,
Lang, H.J., Schlatter, E., Greger, R. 1986. C1~ channel blockers

30.

31.

32.

M. Gekle et al.: Ochratoxin A Affects Cellular pH and C1~

in the thick ascending limb of the loop of Henle. Structure activity
relationship. Pfluegers Arch. 407:S128-S141

Weiner, I.D., Hamm, L.L. 1989, Use of fluorescent dye BCECF
to measure intracellular pH in cortical collecting tubule. Am. J.
Physiol. 256:F957-F964

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

Wojnowski, L., Mason, W.T., Schwab, A., Oberleithner, H. 1994.
Extracellular pH determines the rate of Ca>* entry into Madin-
Darby canine kidney-focus cells. J. Membrane Biol. 138:143-149



