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Abstract

Studies of multidrug-resistant H69AR cells which overexpress the umi
liili um resistance-associated protein, compared with drug-sensitive paren

tal H69 cells and revertant H69PR cells, revealed an inwardly rectifying
K channel current (conductance, 231 pS/pF) and increased volume-regu

lated aniÃ³n current (limiting conductance, 2 nS/pF). The aniÃ³n current
was selective for CI ions and sensitive to 4,4'-diisothiocyanatostilbene-
2,2'-disulfonic acid (0.1-1 mu) but ATP was not required for initial cur
rent activation even in excised patch experiments. K' current reversal
potential varied 52 mV/10-fold change in the external k' concentration

and current was blocked by BaCI2 (0.1-1 HIM).The results indicate that
overexpression of multidrug resistance-associated protein is accompanied
by increases in both K* channel and volume-regulated CI channel current

in the multidrug-resistant cell line H69AR.

Introduction

The multidrug-resistant SCLC3 cell line, H69AR, was derived from

its parental cell line, H69, by stepwise selection in doxorubicin (1).
H69AR cells display a drug cross-resistance pattern very similar to
that of cells overexpressing P-glycoprotein, the drug efflux pump
encoded by the MDR\ gene. However, the levels of P-glycoprotein in

H69AR cells are extremely low and comparable with those found in
parental H69 cells (1, 2). Furthermore, multidrug resistance in H69AR
is poorly reversed by agents such as verapamil that are effective in cell
lines overexpressing P-glycoprotein (3, 4). Multidrug resistance in

H69AR cells has recently been shown to be correlated with approxi
mately a 100-fold increase in the levels of mRNA encoding a novel
member of the ATP-binding cassette transmembrane transporter su-
perfamily (5). The physiological function of this multidrug resistance-

associated protein, MRP, and the mechanism by which it may con
tribute to drug resistance are currently unknown. MRP is distantly
related to P-glycoprotein and CFTR (5). CFTR can function as a
small-conductance cAMP-regulated Cl~ channel (6) and may also

have the ability to modulate conductances such as outwardly rectify
ing Cl" channels (7, 8). Recently, evidence has been presented that

P-glycoprotein, in addition to its role as an ATP-dependent efflux
pump, may function as a volume-regulated chloride-selective channel
(9) and that these two activities of P-glycoprotein may be mechanis

tically separable (10). In this report, we demonstrate that H69AR cells
express markedly higher levels of a hypotonically activated, out-
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wardly rectifying Cl channel and an inwardly rectifying K+ channel

than parental H69 cells. In addition, we demonstrate that reversion to
drug sensitivity is accompanied by loss of the K+ channel activity and
a decrease in activity of the hypotonically activated Cl~ channel.

Materials and Methods

Cell Lines. The human SCLC cell lines NCI-H69 (H69), H69AR, and
H69PR were used in the present experiments. The multidrug-resistant H69AR

cell line was established by culturing the H69 cells in doxorubicin (1). The
drug-sensitive revertant cell line H69PR was obtained by culturing H69AR
cells in drug-free medium for 36 months (11). The cell lines were maintained

in RPMI 1640 (GIBCO, Mississauga, Ontario, Canada) supplemented with 5%
heat-inactivated supplemented calf serum (Hyclone Laboratories, Logan, UT)
and 4 ITIML-glutamine. H69AR was challenged monthly with 0.8 JJ.Mdoxoru

bicin. To obtain single cell suspensions, cells were gently syringed using a 22
G needle and then seeded onto glass coverslips coated with poly-D-lysine
(0.01% w/v). Cells were maintained on the cover slips at 37Â°Cin a 5% C02

incubator in 35-mm Petri dishes.

Electrophysiology. The coverslips were placed in dishes containing the
experimental solution at 23-25Â°C. Electrodes of 1-5 megohm resistance were

pulled from TW150 glass (World Precision Instruments) on a horizontal Flam
ing-Brown micropipet puller, fire-polished, and filled with a standard internal
solution for whole-cell recording that contained 120 ITIMpotassium aspartate,
10 niMKCl; 4.0 HIM Na,ATP; 0.1 mm GTP; 5.0 HIM4-(2-hydroxyethyl)-l-
piperazineethanesulfonic acid; 1.0 HIMMgCK; 10 mM ethyleneglycol bis(ÃŸ-
aminoethyl ether)-/V,JV,/v",jV'-tetraacetic acid, pH 7.2, with KOH. Data were

corrected for the -10 mV junction potential that arose from the different
mobilities of K+ ions and aspartate ions in this solution. Variations in pipet Cl~
concentration were made by substituting Cl" for aspartate ions. To block

outward K+ channels, K* was replaced by Cs+ in the pipet-filling solution or

4-AP was included in the pipet-filling solution at 1 ITIM(stock solution of 0.1

M,pH 7.4, with l N HO). The osmolality of internal and external solutions was
measured using freezing point depression (Model 3L, Advanced Instruments).
An Axopatch ID (Axon Instruments, Foster City, CA) was used for voltage
clamp measurements and data were filtered at 5 kHz prior to digitization via a
Labmaster DMA interface. The pClamp suite of programs was used for data
acquisition and analysis. Analogue capacity compensation and 50-70% series

resistance compensation were used during all whole cell measurements. The
H69, H69AR, and H69PR cells used for electrophysiological analysis had
mean (Â±SEM; n = 10) cell capacitances of 13.9 Â±1.3 pF, 20.0 Â±1.2 pF, and

15.5 Â±1.3 pF, respectively. Capacitance was measured by integration of the
uncorrected capacity transient. The external solution contained 130 mM NaCl,
5.0 mM KC1, 2.8 mM sodium acetate, 1.0 mM MgCl;, 10 mM 4-(2-hydroxy-
ethyl)-l-piperazineethanesulfonic acid, 10 mM glucose, 1.0 mM CaCl2, pH 7.4,

with l N NaOH. Hypertonie solutions were obtained by the addition of sucrose
to the standard iso-osmotic solutions. The 210 mOSm hypotonie external was

obtained by a reduction of the NaCl content to 90 mM. BaCli was added to the
bath solution to block inwardly directed K+ currents at concentrations of 50

/UMto 1 mM. DIDS was used to block volume-activated chloride channels at
0.1-1 mM diluted in bathing solution. All chemicals unless otherwise stated

were obtained from Sigma Chemical Co. (St. Louis, MO).

Results

Volume-activated Currents. The level of hypotonically activated
aniÃ³n current was determined in parental H69, multidrug-resistant

H69AR, and revertant H69PR cells. In all cases, data were obtained in
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the absence of external K* or with 1 min BaCl2 in the bath solution,
plus internal Cs + replacement of K4 in the pipet-filling solution to
prevent K+ channel currents. AniÃ³n currents could be elicited by

exposure to hypotonie external solutions (below 250 mOsm) or large
amplitude depolarizing voltage clamp pulses. Activation of aniÃ³n
currents was associated with cell swelling confirmed visually through
the inverted microscope. Representative examples of volume-acti
vated currents from the three cell lines are shown in Fig. 1 (A-C, lower

panels) compared with control currents from the same cells (upper
panels). The three cell lines displayed very different levels of volume-

activated aniÃ³ncurrents.
In H69 cells the maximal outward aniÃ³ncurrent was less than 700

pA at +100 mV. By contrast, in larger H69AR cells aniÃ³ncurrents
were observed of up to 10 nA in amplitude. Despite the use of low
resistance electrodes and series resistance compensation (see "Mate
rials and Methods") peak currents at the most positive potentials

studied were subject to a voltage error. In the revertant H69PR cells,
we also observed large aniÃ³ncurrents relative to H69 cells (Fig. 1C).
However, the currents were significantly less (P < 0.05) than in
H69AR cells between -140 and +40 mV. Commonly, we observed

instantaneous activation of aniÃ³ncurrents in all three cell types. Some
relaxation of current was detected at the most positive potentials
studied as reported previously for outwardly rectifying chloride chan
nels in epithelial cells. Mean I-V relations for the aniÃ³ncurrents are

shown in the lower panel. There was prominent outward rectification
of the peak (Fig. ID) and instantaneous I-V relations in both asym-

Control 280 mOSm

H69 B H69AR C H69PR

200 -,

150-

Peak
Current
(pA/pF)

Potential (mV)

â€¢¿�150 -100
H69

100

-50-

Fig. 1. AniÃ³n current in H69, H69AR, and H69PR cells. A-C. volume-activated cur
rents in the three cell types. Cells were held at -70 mV and pulsed for 750 ms lo a range
of potentials between -140 and +90 mV. In the upper portion of the panels are control
currents obtained from the three cell types soon after the establishment of whole-cell

recording mode. For each cell type the appearance of aniÃ³n currents accompanied cell
swelling induced by hypoosmotic swelling or large depolarizing voltage clamp pulses.
Representative data are shown in the lower portion of the panels. In D are mean peak 1-V
relations for volume-activated conductance in the three cell types. Data were obtained
from 7 H69 cells, 10 H69AR cells, and 5 H69PR cells. Data have been normalized to cell
capacitance and arc shown as mean Â±SEM. Paired t tests between the H69AR and H69PR
data revealed significant differences for data obtained at potentials between -140 mV and
+40 mV (between -140 mV and -100 mV, P < 0.02; between -90 and +40 mV, P <
0.05, excluding data between -50 and -20 mV; between +50 and +80 mV, 0.05<P <
0.1). Data at potentials -50 mV to -20 mV were excluded from analysis due to the
convergence of all data near the Cl~ reversal potential.
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Fig. 2. Activation of aniÃ³n currents is not affected by removal of ATP. Four sets of
current-voltage relations are shown in A. These were obtained from an Hh9AR cell bathed
in 5 HIMK* external solution, 137 mM NaCl. The pipe! contained 120 niM potassium
aspartate and 15 mm KCI. 0 ATP, and 0 GTP. Total Ch was 17 mM. The control I-V was

obtained after hypotonie activation of the aniÃ³ncurrent in the standard whole cell record
ing mode. The 4(XIpA current bar refers to this I-V only. The remaining I-V relations were
obtained in the outside-out patch recording configuration after patch excision. Membrane
patch was exposed to 280. 210 (hypotonie), and 320 (hypertonic) mOSm external solu
tions sequentially over a time course of 21 min. The 40 pA current calibration refers to all
of these three sets of data. The measured peak I-V relations for the aniÃ³n currents are
shown in B. The current amplitudes during whole-cell recording (IVO?) are generally
off-scale compared with currents obtained during outside-out recording. Each I-V relation

is labeled with the osmolality of the external solution in which it was recorded. Note that
for the curve obtained in hypotonie solution there is a +8.4 mV expected shift in reversal
potential arising from the reduction in Cr concentration of this solution. Measured whole
cell capacitance was 22.2 pF and excised patch capacitance was 9.3 pp. Similar results
with 0 ATP were observed in 10 H69AR cells and 3 Hfi9PR cells.

metrical and equal bath and pipet chloride concentrations, which
confirmed the existence of intrinsic channel outward rectification. In
all three cell lines, currents reversed between -50 and -60 mV which
was close to the calculated Cl~ ion reversal potential for the bath and

pipet solutions (-53 mV). Currents were not blocked by 4-AP (2 mw),
by the replacement of pipet K+ with Cs + ions or the inclusion of Ba2+

(1 HIM)in the bathing medium, which indicated that currents were not
dependent on transmembrane K+ fluxes. The mean current reversal
potential changed by 40 mV for a 120 mM increase in pipet Cl"

(replacing Â¡mpermeant aspartate) which compared with a predicted
shift of 46 mV for a Cl~ selective channel. Currents were also blocked

by the chloride channel inhibitor DIDS at concentrations between 0.1
and 1 mM. The mean current reduction was 88.10 Â±0.35% at 1 mM
DIDS (n = 4) and was observed in all three cell lines.

To determine whether activation of the aniÃ³n channels was ATP
dependent, experiments were carried out in the absence of ATP in both
intact cells and excised membrane patches. We found that omission of
ATP from the pipet-filling solution did not prevent activation of hy-

potonically activated current in H69AR cells. This finding was cor
roborated by studies using excised outside-out patches to ensure ad

equate dialysis of ATP. An example of such an experiment is
illustrated in Fig. 2. The aniÃ³nchannels were activated during stan-
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Fig. 3. Inwardly rectifying currents in multi-
drug-resistanl H69AR cells. A-C. membrane cur
rents during voltage clamp pulses us illustrated by
the voltage protocol at the top. Currents were ob
tained from parental H69 cells (A ). drug-resistant
Ho'iAR cells (//). and drug-sensitive revertan! cells
(HfWI'R; ('). Cells were held at -7(1 mV and pulsed

from - 141)toll mV for 7(M)ms. The holding current
in all three sets of records approximates the zero
current level. Peak I-V relations for the three cell
types are shown in D. O, H6Mcell dala (n = 13); â€¢¿�,
HrWAR (n = 12); A, H69PR (n = 8). Data are

shown Â±SEM and have not been leak subtracted.
Seal resistances in these cells were of the order of
10-50 Gii and so leak approximated I pA/pF. This

sels the /ero current potential for the inwardly rec
tifying K ' channel at -80 mV for HhUAR cells and

suggests that a significant fraction of the inward
current observed in the other cell lines is simply
leak current.

Current
(PA/pF)

dard whole-cell recording (Fig. 2/4, control). The electrode was with
drawn to form an outside-out membrane patch in 280 mOSm bath

solution. Exposure of the membrane patch to hypertonic (320 mOsm)
and hypotonie (210 mOsm) bath solutions resulted in suppression and
activation of aniÃ³ncurrents (Fig. 2A). I-V relations for these currents
are shown in Fig. 2B. Patch currents were 10-fold smaller than whole

cell currents (due to the reduced number of channels in the patch), but
nevertheless there was clear activation and suppression of volume-
regulated Cl" currents in the absence of internal ATP. The reversal

potential of current was unchanged from whole-cell to outside-out
patch measurements at -43 mV, and the presence of macroscopic

current in the patches attests to a high density of activated aniÃ³n
channels in the H69AR cell membranes in the absence of ATP and
cellular constituents.

Inwardly Rectifying K* Channel Current. Many epithelial cells
possess basolateral K4 channels which are blocked by Ba2 ' (12) and
a delayed rectifier K+ channel current has been reported previously in

H69 cells that activates positive to -30 mV (13, 14). We observed a

delayed rectifier current in all three SCLCcell lines that activated over
a similar potential range to that reported previously for H69 cells (13)
and showed saturation at potentials positive to +40 mV (data not
shown). Of more interest, was an inwardly rectifying K* channel

current that was essentially absent in H69 and H69PR cells (Fig. 3, A
and C) but was present at high density in H69AR cells (Fig. 35). In
H69AR cells, hyperpolarizing voltage clamp pulses caused rapid ac
tivation of an inward current that inactivated partially at potentials
negative to -100 mV. At 5 mm bath K ', the current almost completely

rectified (Fig. 3D) and the passage of only small amounts of outward
current was observed positive to the EK. However, at the resting
potential of H69AR cells, a small net outward K* flux through these

inwardly rectifying channels is to be expected. The mean conductance
of the inwardly rectifying channel was 231 pS/pF in H69AR cells in
5 HIMexternal K+.

K* Dependence. The potassium dependency of the inwardly rec
tifying current was established by varying external K+ concentrations
from 5 to KM)IHM.Increasing K' concentrations resulted in amplifi

cation of the inwardly rectifying current only in H69AR cells (Fig.
4B). The slope conductance in 100 ITIMexternal K+ increased to 23
nS. This is consistent with the inwardly rectifying K+ channel con
ductance being proportional to the square of the bath Kf concentra

tion. The zero current potentials for the inwardly rectifying currents in
different bath K+ concentrations from a number of H69AR cells have
been plotted against the log bath K+ concentration in Fig. 4D. The

nonlinear, least-squares best fit to the data yielded a line (continuous

line in Fig. 4D) with a slope of 52 mV. This value is close to that
predicted for a pure K* electrode (dotted line in Fig. 4D). The

inwardly rectifying current was also sensitive to 50-200 /Â¿MBaCl2

present in the bath solution (15 cells; data not shown). Ba2 + produced

a rapid, complete, reversible block of channels and provided further
confirmation that the inward rectifier in H69AR cells was a K+

channel.

Discussion

There have been a number of reports of changes in ion channel
activities associated with the development of multidrug resistance in
human tumor cell lines. For example, a reduction in DIDS-sensitive
chloride channels and in cAMP-regulated Cl~ currents has been re

ported in the non-P-glycoprotein mediated, multidrug-resistant. HL60

leukemia model system (15). On the other hand, overexpression of
P-glycoprotein in transfected epithelial cells is associated with in
creased activity of an ATP-dependent, volume-activated Cl~ channel

(9, 10). It is presently unknown whether the ability of P-glycoprotein

to act as an ion channel is of functional significance with respect to
multidrug resistance. However, such currents can affect intracellular
ion equilibria and alter the activity of transmembrane ion exchangers
such as C1-/HCO;,- or NaVrT exchange (16, 17). Such changes may

secondarily alter intracellular pH and thus influence the sensitivity of
tumor cells to a number of cytotoxic agents (16).

The development of multidrug resistance in the SCLC model sys
tem we have used does not involve increased expression of P-glyco

protein. However, it is accompanied by the overexpression of MRP, a
novel member of the ATP-binding cassette transporter gene family (5).
In view of structural similarities between MRP, P-glycoprotein, and
CFTR, we initially examined Cl~ channel activity in the parental,

drug-resistant and revertant SCLC cell lines. In the H69AR cells, we
have noted the appearance of an extremely large volume-activated
aniÃ³ncurrent (Fig. 1) that displays a high selectivity for Cl~ ions. In
common with Cl" channels described previously in epithelial cells, the

current showed prominent outward rectification. It was sensitive to
DIDS and verapamil and the reversal potential showed shifts appro
priate to a channel with high Cl~ and low aspartate selectivities. All of

the aforementioned characteristics are similar to those of the ion
channel activity described in P-glycoprotein-transfected cells (9).
However, unlike the P-glycoprotein-associated channel, initial activa

tion or deactivation of this outwardly rectifying channel in H69AR
cells was not ATP dependent (Fig. 2). Most important, although the
volume-activated Cl~ channel was reduced in the drug-sensitive re

vertant H69PR cell line, the activity was still much higher than in the
parental H69 cell line. This suggests that increases in volume-regu
lated Cl" channels are not sufficient to confer multidrug resistance in

the H69AR cell system. However, they may be essential if it is
necessary for Cl" and K+ channels to function cooperatively. Com-
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Fig. 4. K+-depcndence of the inwardly rectifying K+ current and its reversal potential.

Original data from H69 cells (A ), H69AR cells (B), and H69PR cells (C). Cells were held
at -70 mV and pulsed to potentials between -130 mV and +30 mV for 700 ms (70 ms
in A). Currents in the top portion of A-C were obtained in 5 mMexternal K *. In the middle
are current data obtained when cells were exposed to 100 mM K* (by replacement of

external Na). The graphs in the lower portions of A-C are I-V relations from the upper
data. In each case, the open symbols depict data from 5 mM K ' experiments and the filled
symbols were obtained from 100 mM K" data. D, K*-dependence of the reversal potential
of the inwardly rectifying potassium current. Cumulated data from 9 cells at 5 mM K+, 4
at 23 mM Kf, 4 at 52 HIMK*, l at 75 mM K*. and II cells at 100 mM K*. The current

reversal potential measured from data such as that illustrated in A-C have been plotted
against the login of the bath K' concentration (log[K f ]â€ž).The data were fitted by a
straight line with a slope of 52 mV/10-fold change in [K* ]â€ž.The Nernst equation predicts
a slope of 58 mV at the experimental temperature for a pure K ' electrode. Data have been

leak subtracted and corrected for junction potential changes arising from the use of
potassium aspartate in the electrode filling solution.

parison of the levels of MRP mRNA (5) and protein4 H69AR and

H69PR cells also indicates that the relative amount of channel current
may be not simply proportional to the level of MRP expression.

Other studies have described the presence of voltage-activated
Na+, K+, and Ca2+ channels in SCLC cells (13). The predominant

channel in the SCLC cell lines H69, HI28, and HI46 has been
reported to be a voltage-activated delayed rectifier K4 channel (13,

14) that can be blocked by tetraethylammonium ions, 4-AP and ver-

apamil (14). We have also observed this channel in our cell lines (data
not shown) and found it to be 4-AP and verapamil sensitive. In human
erythroleukemia K562 cells an enhancement of voltage-gated Na4"

channels was associated with P-glycoprotein-mediated multidrug re
sistance (18) although this was not the case in human T-cell leukemia

CEM cells ( 19). We found that changes in the level of MRP expression
were most closely correlated with the appearance of an inwardly
rectifying K * channel in resistant H69AR cells and its subsequent loss

in revenant H69PR cells (Figs. 3 and 4). Such a channel has not been
previously identified in these cells nor has it previously been corre
lated with the appearance and disappearance of multidrug resistance.

4 R. G. Deeley and S. P. C. Cole, unpublished data.

We have defined it as an inwardly rectifying K4 channel on the basis

of its voltage dependence, the dependence of the slope conductance
and reversal potential on the extracellular K+ concentration and its

sensitivity to low concentrations of BaCK.
Although we cannot exclude the possibility that MRP is directly

responsible for the inwardly rectifying K+ currents, its structure is not
similar to any previously characterized K4 channels. An alternative

possibility is that it could play a role in regulating such channels. In
this regard, it is interesting to note that CFTR expressed in Xenopiis
oocytes has been shown to regulate Ba2+-sensitive K* conductances
(20). Inwardly rectifying K+ channels provide important control of

the cell resting potential in numerous cell types (21). They also allow
for oscillatory changes in resting membrane potential (22) and can be
modulated by cAMP (23). The presence of the current described in
H69AR cells is expected to allow K+ efflux at potentials positive to
the K+ equilibrium potential (EK) and could keep the membrane
potential negative to the Cl~ equilibrium potential in these cells. This

would allow Cr efflux from the cell on activation of the volume-
regulated conductance. The coupled extrusion of K+ and CI~ from the

cell is important in regulating cell volume in a number of epithelial
cell systems (24). The coexistence of markedly elevated K+ and Cl~

channels in the H69AR cells suggests that solute export from these
cells may differ significantly from the parental and revcrtant cell lines.
Experiments are in progress to determine whether modulation of the
activity of these channels has any bearing on the efficacy of cytotoxic
drugs in multidrug-resistant cells which overexpress MRP.
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