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Summary

A population of NG108-15 neuroblastoma cells resistant were significantly larger in NG/DOXR than in NG108-15
to doxorubicin (NG/DOXR) was established. The cells cells. The resting membrane potential of NG/DOXR cells,
exhibited a multidrug resistance phenotype with cross- but not that of NG108-15 cells, was depolarized by
resistance to vinblastin and colchicine, overexpression of a verapamil, and this effect was abolished by bafilomycin.
170kDa membrane protein identified as P-glycoprotein The volume-sensitive Ci currents of drug-sensitive and
and reversal of resistance by verapamil and quinine. drug-resistant cells were inhibited by a decrease in
Compared with NG108-15 cells, NG/DOXR cells showed an intracellular pH from 7.3 to 6.8. Whereas bafilomycin
increase in N& current density and a decrease in cyclic- prevents activation of CI currents in both drug-sensitive
AMP-activated CI~ current density with no change in K- and drug-resistant cells, verapamil inhibited the Ct
and volume-sensitive Ci current densities. As previously  current only in NG/DOXR cells. The results are discussed
observed in NG108-15 cells, the vacuolar-type*-ATPase in terms of the roles of cytoplasmic pH and membrane
inhibitors bafilomycin A1 and nitrate induced membrane  potential in multidrug resistance.
depolarizations in NG/DOXR cells. The resting potentials
of sensitive and resistant cells were not significantly Key words: multidrug resistance, neuroblastoma celishfPase, P-
different, but the depolarizations evoked by these agents glycoprotein, doxorubicin, verapamil, bafilomycin, ion current.

Introduction

The resistance of tumour cell to cytotoxic drugs is one of tht®IDR cells studied until now), they may be due to factors
major obstacles to successful chemotherapy. Multidruginrelated to P-gp expression, but induced by the drug selection.
resistance (MDR) is the phenomenon observed in tumour ceN&¥hatever the origin of these alterations, it is interesting to know
in vivoand cultured cells vitro involving cellular resistance to whether they play a role in multidrug resistance. It has been
a wide range of chemically unrelated drugs. MDR is commonlyoted that N§ K* and Ct channel activities differ between
associated with overexpression of a membrane protein, RADR and parental cell lines (Gollapugti al. 1992; Jirsclet al.
glycoprotein (P-gp) (for reviews, see Gottesman and Pastab993; Kunzelmanret al. 1994; Yamashitat al. 1987). Since
1993; Higgins and Gottesman, 1992; Nielsen and Skovsgaart92, several groups have focused on the relationship between
1992). This protein is hypothetized to be an active transportéhe volume-sensitive Clchannel and MDR but conflicting
that uses the energy from ATP to pump chemotherapeutic drugssults have been obtained. Although several independent
out of cells, reducing their intracellular concentrations andstudies confirm a relationship between P-gp expression and the
hence, toxicity. However, in most drug-selected MDR tumoumagnitude of a cell’s volume-sensitive current (&ilkal. 1992;
cell lines, the activity of P-gp alone cannot account for thdirschet al.1993; Valverdet al.1992), other studies have found
diversity of MDR phenotypes observed. Other -cellulamo correlation (De Greedt al. 1995; Donget al. 1994; Ehring
mechanisms seem to develop and contribute to resistance. dhal. 1994; Kunzelmanet al. 1994; Morinet al. 1995; Rasola
addition to P-gp overexpression, MDR is accompanied bgt al. 1994; Wanget al. 1994).
multiple biochemical and morphological changes, including As a possible consequence of alterations to ion transport, a
alterations to membrane ion transport which are thought to plajecrease in membrane potential has been observed in
a role in drug resistance. These alterations can be considereddtixorubicin-resistant Friend leukaemia cells (Hasmainal.
be a direct consequence of P-gp expression when they appeal 889) and in Chinese hamster ovary fibroblasts transfected with
transfected cells that have not previously been exposed tm MDR 1 cDNA and resistant to doxorubicin, vinblastin and
chemotherapeutic drugs (Hoffmanal.1996). In contrast, when colchicine (Hoffmaret al. 1996). Since most anticancer drugs
they appear in drug-selected cells (which was the case in mase positively charged at physiological pH, their accumulation
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in cells should be influenced by membrane potential and shoul®77). Doxorubicin-resistant (NG/DOXR) cells were selected
decrease as the membrane potential is made less negatibg. continuously exposing NG108-15 cells to gradually
Hoffman et al. (1996) concluded that protein-mediated MDR increasing concentrations (from 2 to 100nmyll of
could be the consequence of a less negative resting membratoxorubicin. After 9 months in culture, NG/DOXR cells were
potential. Another important cellular parameter that is modifiecible to grow uninhibited in 100 nmotidoxorubicin and were
by MDR acquisition is intracellular pH (pHi). Most MDR cells thereafter cultured in that concentration of drug. The cells were
have a higher intracellular pH than their parental cellgrown at 37 °C in a humidified atmosphere (95 % air/5 %)CO
(Boscoboiniket al. 1990; Marquardt and Center, 1991; Roepejn Dulbecco’s modified Eagle’s medium containing 5% foetal
1995; Roepet al.1996). These latter observations led to recentalf serum, 10@moll1 hypoxanthine, 0.amoll™1
investigations into the causal relationship between pHi andminopterine, 1fimoll=1 thymidine, 2mmoltl glutamine,
MDR. Agents that reverse MDR, such as verapamil, can als®umol I~ glycine, 10Qugml~! streptomycin and 50g ml2
affect the elevated cytoplasmic pH (Keizer and Joenje, 1989enicillin. NG/DOXR cells were continuously grown in the
and an alkaline shift in pHi in sensitive cells is sufficient toculture medium supplemented with 100 nméldoxorubicin,
prevent the accumulation of chemotherapeutic drugs and tsxcept for the last 5-7 days before all experiments.
decrease the drug sensitivity (Hoffmatral. 1996; Simoret al.
1994). Moreover, Marquardt and Center (1991) observed that Assay of drug sensitivity
bafilomycin Al, a specific inhibitor of the vacuolar-type proton Sensitive and resistant cells in the exponential phase of
pump (V-ATPase), induces a major increase in drugyrowth were used throughout. NG108-15 and NG/DOXR cells
accumulation, suggesting a possible involvement of thigvere seeded at Xx&®Pcells per 10ml and were exposed to a
ATPase in the pathway of drug efflux from MDR cell lines thatrange of concentrations of cytotoxic drugs in the absence or
is independent of P-gp expression. Since we recently advancpeesence of chemosensitizers. After 48h of continuous
arguments in favour of the contribution of a plasma membranexposure, the cell number and volume distribution were
proton pump in determining the resting potential of NG108-1%letermined using a Coulter counter (Coultronics). Each
cells (Gérardet al. 1994), we wanted to know whether this counting was made in quintuplicate.
proton pump could play a role in neuroblastoma cell drug
resistance. We therefore selected NG108-15 neuroblastoma Patch-clamp analysis
cells resistant to doxorubicin (NG/DOXR) that exhibited an Membrane currents and potentials were measured using the
MDR  phenotype. = A  comparative  analysis  of whole-cell configuration of the patch-clamp technique (Hamill
electrophysiological properties was carried out on doxorubicinet al. 1981). Experiments were performed on non-confluent
sensitive and doxorubicin-resistant neuroblastoma cells witbells at room temperature. The compositions of the pipette and
particular attention being paid to the V-ATPase and volumebathing solutions are given in Table 1. Pipette resistances
sensitive Ct channel activities. ranged from 2 to 5@ (external and pipette A media).
Capacitance was measured by integrating the uncorrected
capacity transient. The ACQUISL1 suite of programs (DIPSI)

Materials and methods was used for data acquisition and analysis.
Cells and culture conditions
NG108-15 hybridoma cells are a clone of neuroblastema Polyacrylamide gel electrophoresis (PAGE) and
glioma hybrid cells formed by Sendai-virus-induced fusion of immunoblotting

a subclone N 18TG-2 of mouse C1300 neuroblastoma cells Crude membrane preparations were prepared from the
with subclone C6Bu-1 of rat C6 glioma cells (Hamprechtyarious cultured cells. The human epidermoid carcinoma cells

Table 1.Compositions of bathing and pipette solutions used in electrophysiological experiments

Concentration (mmot#f)

External A External B1 External B2 External C1 Pipette A Pipette B Pipette C

NaCl 140 - - - - - -

NMGCI - 140 60 105 - - 140

MgCl2 2 1 1 1 2 2 1

CaCb 1 1 1 1 - - -

KCI 5 - - - 140 - -

CsCl - - - - - 140 -

Sodium isethionate - - 80 - - - -

Hepes 10 10 10 10 10 10 10

External and internal pH were adjusted to 7.3 using NaOH.
NMGCI, N-methyl-p-glucamine chloride.
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KB3-1 were used as negative control and KBA-1 as a positive Statistical analyses

control for P-glycoprotein expression (Shet al. 1986). All results are expressed as the mean valuge#. (N),
Confluent cells were washed in 140 mmé&NaCl, 5mmolt!  where N represents the number of cells or experiments.
KCI, 20mmol? Tris, 1mmolf! EDTA, pH7.1, and then Statistical comparisons were performed using Studeie'sts
sedimented by centrifugation at@@r 5min. The cells were for paired or unpaired data as appropriate. Differences were
then lysed and homogenized using a glass—Teflon tissy®nsidered significant &<0.05.
homogenizer in a hypotonic buffer (100 mmalisucrose,
10mmolr!t  Tris, 1mmolfl EGTA, 0.5mmolt!
dithiothreitol, 0.5mmoltl phenylmethylsulphonylfluoride, Results
pH7.1). The undisrupted cells and nuclear debris weréharacterization of neuroblastoma cell multidrug resistance
removed by centrifugation at 180 for 10min. The The sensitivity of the parental NG108-15 cells and
supernatants were centrifuged for 60min at 14§)0@nd NG/DOXR cells to doxorubicin is presented in Fig. 1A. The
membrane pellets were resuspended in 100 mhd{Cl, doxorubicin concentrations required for 50 % inhibition of cell
10mmolr!  Tris, 1mmolfl EGTA, 0.5mmolt?  growth (IGg) were 10 and 1300 nmof for NG108-15 and
dithiothreitol, pH7.1. Protein contents were estimatedNG/DOXR cells, respectively. The degree of resistance to
according to Bradford (1976). SDS-—polyacrylamide geldoxorubicin (expressed as the ratio o§d@alues for resistant
electrophoresis was performed as described by Laemntd sensitive cell lines) was 130. One should note that, as already
(1970). The samples were treated with solubilization buffepbserved in human and murine cells (Vichi and Tritton, 1989),
[50 mmol I Tris, 100 mmolt! sucrose, 5% SDS (w/v), 2% growth of NG108-15 and NG/DOXR cells was stimulated by
B-mercaptoethanol (v/v), 0.02% Bromophenol Blue] anddoxorubicin concentrations below 1 nmidiand 100 nmol?,
were resolved on a 7.5% to 15% acrylamide gel. Afterespectively. The doubling time of NG108-15 cells,
SDS-PAGE, proteins were electrophoretically transferred tdetermined during the exponential growing phase, was 14.5h
nitrocellulose membranes. Non-specific binding to the blot¢N=3). The rate of proliferation of NG/DOXR cells was not
was minimized by incubating them in a medium containingsignificantly different, with a doubling time of 17.8R<3).
3% milk powder. The nitrocellulose membranes were then One property of MDR cells is their ability when exposed to
incubated overnight at 4 °C with C219, an anti-P-glycoproteira single drug to develop resistance, termed ‘cross-resistance’,
monoclonal antibody (048g mi-1, final concentration in the to a broad range of cytotoxic compounds. NG/DOXR cells are
milk-containing medium). Immunoreactive bands werecross-resistant to two other anticancer drugs: vinblastin and
visualized with peroxidase-conjugated anti-mouse IgG and agolchicine. Compared with NG108-15 cells, NG/DOXR cells
enhanced chemiluminescence detection system (Amershamere 87 times more resistant to colchicines¢lC300 nmolt1
France SA). versus15nmol 1) and 54 times more resistant to vinblastin
(ICs0 540 nmol 1 versus10 nmol I1).
Reagents Many compounds have been shown to antagonize MDR in

Chemicals used for cell culture were purchased frona variety of cell lines aniéh vivo tumour models when co-
GIBCO. Bafilomycin Al was provided by Professor K.administered with chemotherapeutic agents to which the cells
Altendorf  (Universitat Osnabriick, Germany). Anti-P- are resistant (Ford and Hait, 1990). In general, agents used to
glycoprotein monoclonal antibodies were obtained from Cl&ntagonize MDR, termed ‘chemosensitizers’, increase
Biointernational, and secondary antibodies were obtained fromtracellular drug accumulation. Among these agents are
Amersham France SA. KB3-1 and KBA-1 cells were kindlyverapamil and quinine. The mechanism by which they
provided by M. F. Poupon (Institut Curie, URA CNRS 620,antagonize MDR is still uncertain. While there is evidence that
Paris, France). All other products were purchased from Sigméhey interact directly with P-glycoprotein, they also have other

Fig. 1. Sensitivity to doxorubicin (DOX) of 1.25
NG108-15 and NG/DOXR cells and reversal of
DOX resistance by verapamil and quinine.
(A) Cytotoxic effects of DOX on NG108-15
(®) and NG/DOXR Q) cells. (B) Effects of
verapamil (VER) @) and quinine (QUI) 4)

on the sensitivity of NG/DOXR cells to DOX.
After 48 h of continuous exposure to DOX in
the presence or absence of VERufiol 1)
and QUI (5umoll™1), cells were counted as
described in Materials and methods. In all ) . . ) ) ) .
cases, the number of cells is expressed relative 010—1 100 10! 102 103 104 100 101 102 103 104
to that in the absence of doxorubicin. Each
value represents the mears.&m. (N=3).

1.00

Relative cell number

Doxorubicin (nmol 1-1)
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Fig. 2. Detection of P-glycoprotein by Western blot analysis.

Membrane proteins (4g per lane) were resolved by SDS-PAGE,

transferred to nitrocellulose and probed with the C219 monoclon . ° -
antibody as described in Materials and methods. Lane 1, KBA-YVhether or not an alteration in cell capacitance reflects

(positive control); lane 2, NG108-15; lane 3, NG/DOXR; lane 4, KB3-Changes in membrane properties, it should be determined in
1 (negative control). Molecular mass markers (in kDa) are indicate@rder to quantify ionic currents and the number of membrane

on the left.

targets. In particular, verapamil is a classicaf*Cehannel
blocker and to a lesser extent inhibits i€hannels; the
antimalarial agent quinine is a potent ghannel blocker. In
NG/DOXR cells, Jumoll~1 verapamil and fmoll~1 quinine
produced respectively a 20- and 12-fold decrease in resistanggnificantly smaller (2.89+0.06 pIN=5) than that of
to doxorubicin (Fig. 1B). It should be noted that, in contrast tayG108-15 cells (3.48+0.09 pN=5). The ratio of resistant to

quinine, verapamil also induced an apparent change in thgnsitive

slope of the dose—response curve.

P-glycoprotein expression was evaluated by Westergells were smaller than NG108-15 cells.

analysis using KBA-1 cells as a positive control demonstrated
the presence of P-glycoprotein in NG/DOXR cells (Fig. 2,
lanes 1 and 3). A broad, heavily stained band was detected in
NG/DOXR cells, but not in NG108-15 cells (Fig. 2, lanes 3
and 2). The labelled protein had an apparent molecular mass
of 170 kDa, which is consistent with the known molecular mass
of P-glycoprotein (Kartneet al. 1985).

Comparison of the properties of NG108-15 and NG/DOXR
cells
Cell size
Electrophysiological techniques allow the estimation of
cell size by measurement of membrane capacitance, which

dp assumed to be proportional to cell membrane area.

transporters per unit membrane surface area. The size of
NG108-15 and NG/DOXR cells was determined by two
methods: measurement of volume distribution using a
Coulter counter and measurement of membrane capacitance
under the whole-cell patch-clamp configuration. The volume
distributions of both NG108-15 and NG/DOXR cells were
unimodal, and the mean volume of NG/DOXR cells was

mean cell volume was 0.89+0.04. The
measurement of capacitance also revealed that NG/DOXR
The mean

blotting using the C219 monoclonal antibody, whichcapacitance of NG/DOXR was 43.3+1.2 p¥=@0) and that

recognizes a very well-conserved epitope in the C-terminglt

NG108-15 cells was 56.5+1.6 pFN£41) (ratio

part of P-glycoprotein (Kartnest al. 1985). Immunoblotting  0.77+0.04).

Fig.3. Nd& currents. (A)

Current/voltage (relationships

for the N& current in NG108-15 0
(®) and NG/DOXR Q) cells. ~ 5t
Peak N& currents (L) were ||
recorded during depolarizationsftL 10

to a range of potentials betweer2

-40 and +40mV from a holding £ _15
potential of-80 mV. Data have
been normalized to cell
capacitance and are shown as
means is.e.M. (N=7 for NG108-

15 cells; N=8 for NG/DOXR
cells). External A medium
supplemented by 10mmoH
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TEA* and 0.5 mmoH! Cc#* and pipette B medium were used. (B) Steady-state activation and inactivation of therfdat in NG108-15K,

®) and NG/DOXR f\, O) cells. Activation/voltage relationships (circles) were calculated from pedkcitaents (ha) recorded during
depolarizations to various potentials from a holding potentiaB6fmV according to the following equatiogna=Ina/(V-VNa), whereV is the
membrane potential during test pulses ¥Rdis the reversal potential ofid. gna was normalized to its maximum valugngmax). The curve

was calculated according to the equatip@/gna mac1/[1+€V05 VK whereVo s is the voltage at whiclina=gNamad2 andk is a steepness
factor.Vo.s=—12mV andk=6.2 for both cell types. Inactivation/voltage relationships (triangles) were calculated fromypeatotded during
depolarizations to 0mV preceded by 100 ms prepulses of various amplitudes from a holding pote®@iah\éf The curves were calculated
according to the equationydInamac1/[1+&V-V09/K whereV is the membrane potential during prepulses nslis the voltage for which
INa=INa,maX2. Vo.s=—60 mV andk=5.3 for NG108-15 cellsVo.5=—67 mV andk=3.8 for NG/DOXR cells.
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Fig. 4. CI currents in NG108-

15 and NG/DOXR cells. Ramp é =
potentials from-60 to +50 or 3 é
+60mV (at 200mVs) were 3
applied to NG108-15@®) and 3~ 6 .
NG/DOXR (O) cells. Recorded T "I;'i o
currents are normalized to cell § < = 2—
capacitance and are shown asgy < S
means * seM. (A) Cyclic- <§( &
AMP-activated Cl currents. ¢ g
Pipette C medium was used in T E
these experiments. The cAMP- G 4 . L L ! L L !

activated current, plotted as a —60 -20 20 60

function of voltage, was
calculated as the difference
between currents recorded in the external B1 medium with and withoun@0? dibutyryl-cAMP, 20umol 11 forskolin and 10@umol I-1
isobutylmethylxanthine (IBMX)N=11 for NG108-15 cells and=4 for NG/DOXR cells. (B) Volume-sensitive Glurrents. Pipette C medium
was supplemented with 2mmotATP. The activation of Clcurrents was elicited by a change from external B1 to external C1 medium, which
corresponds to a 24 % reduction in tonicity. The volume-sensitive current, plotted as a function of voltage, was caldubatifieasnice
between currents recorded with external C1 medium and with external B1 médilithfor NG108-15 cells and=20 for NG/DOXR cells.

Voltage (mV) Voltage (MmV)

Cell differentiation (Rouzaire-Dubois and Dubois, 1991). No significant differences

While there is some evidence that drug-selected MDR ceWere observed in the physiological properties of this current
lines are more differentiated than parental cells, contrastingcorded in NG108-15 and NG/DOXR cells (Table 3).
evidence have been reported in other studies (Coretae ~ Moreover, tetraethylammonium (TEA and verapamil had
1994). Several chemical agents, including dimethylsulphoxid&imilar effects on the K currents of both NG108-15 and
and dibutyryl-cAMP, induce NG108-15 cells to differentiate toNG/DOXR cells. At a depolarizing potential of +50mV,
neurones (Kimhet al. 1976; Krystosek, 1985; Prasad, 1991). 10mmolf! TEA* reduced the K current to 27+2% of the
When cultured in the presence of 2% dimethylsulphoxide fogontrol value in NG108-15 cell&i€5) and to 22+1%N=5) in
72h and then exposed to 0.5mmblldibutyryl-cAMP, NG/DOXR cells, and 1Amol -1 verapamil reduced the peak K
NG108-15 cells stop dividing, produce extensive processesurrent to 50+2%N=3) in NG108-15 cells and to 59+4 %<4)
become electrically excitable and, compared within NG/DOXR cells. In contrast to results previously described in
undifferentiated cells, exhibit a 5- to 10-fold increase in voltagemultidrug-resistant small cell lung cancer cells expressing MRP
dependent Ng C&* and K* currents. Moreover, the voltage- (& multidrug-resistance-associated protein distantly related to P-
dependent K current of differentiated cells inactivates fasterglycoprotein) (Jirschet al. 1993), an inwardly rectifying K
than that of undifferentiated cells (Rouzaire-Dubois andeurrent could not be detected in NG/DOXR cells.

Dubois, 1991). By these criteria, NG/DOXR cells showed no
sign of differentiation when cultured in the absence or in th&@" current

presence of dimethylsulphoxide or dibutyryl-cAMP. Current-voltage relationships for the peak Narrent (Na)
in NG108-15 and NG/DOXR cells are shown in Fig. 3A.
Resting potential Current density estimates revealed that the amplitude of the

Resting potentials of NG108-15 and NG/DOXR cells werd"@imum peaknain NG/DOXR cells £19.68+2.07 PApPFY,
measured under current-clamp mode with KCI or potassiuri=8) Was S|gn|f|ciantly greater than that in NG108-15 cells
aspartate in the pipette. The results (Table 2) indicate that tig2-96+1.41pApF, N=7) (P<0.001). Na conductance was
resting potential of NG/DOXR cells is not significantly increased in NG/DOXR cells by 1.66-fold without significant
different >0.1) from that of NG108-15 cells. When internal
ClI- was replaced by aspartate, the resting potential we< ) )
significantly reduced in both NG108-15 and NG/DOXR cells Table 2.NG108-15 and NG/DOXR cell resting potentials

and by a similar amount. Since, under these conditions, ttExperimental conditions NG108-15 NG/DOXR
equilibrium potential of Cl was shifted towards negative 140 mmol I [KCI]; 7743 (26) _8512 (26)
values, the reduction in membrane potential was unlikely ty40mmolrt [KAsp]; 61+ 4(44) —6143 (57)

have been due to changes in the &irrent.

Resting membrane potentials (in mV) were measured under
K* current current- clamp mode with KCI or potassium aspartate (KAsp) in the

The K* current of undifferentiated NG108-15 cells is Pipette and external A medium.
essentially a slowly inactivating delayed rectifier current Values are meanssem. (N).
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Table 3 lonic current parameters in NG108-15 and NG/DOXR cells

K* current OK,max (NS) gk.max (PS pFY Vm,0.5 (MV) Vh,0.5 (MV)
NG108-15 4.03+0.31 (11) 67.55+7.58 (5) 2+1 (11) -30+1 (3)
NG/DOXR 3.14+0.33 (10) 67.67+4.57 (3) 1+1 (10) =301 (4)
Na+ current gNaymax(nS) gNanax(nS pF_l) Vm,0,5 (mV) Vh,0_5 (mV)
NG108-15 18.97+2.49 (7) 0.37+0.04 (7) -12+1 (7) -61+1 (4)
NG/DOXR 23.16+1.49 (8) 0.61+0.05 (8) -11+2 (8) -68x1 (5)
gel (PSpFY
Cyclic-AMP-activated Cl current At-60 mV At +60 mV
NG108-15 44.54+5.45 (11) 97.93+11.09 (11)
NG/DOXR 4.45+3.54 (4) 13.58+9.42 (4)
gel (PSpFY
Volume-sensitive Clcurrent At-60 mV At +50mV
NG108-15 47.86+6.20 (14) 82.25+11.25 (14)
NG/DOXR 43.86+5.26 (20) 96.59+11.85 (20)

Vm,0.5andVh o sare voltages corresponding to half-maximal activation and inactivation, respectively.
Results are expressed as measE#. (N).

changes in its voltage sensitivity, except for a 7 mV shift in thectivation. When recorded during square voltage steps of
steady-state inactivation curve towards negative potentialgarious amplitudes from a holding potential of O0mV, the

(Fig. 3B; Table 3). The addition ofimol |1 tetrodotoxin to  current showed a pronounced outward rectification; no
the external medium suppressed thé Blarent in NG108-15 difference in its density was found between cell types (Fig. 4B).
and NG/DOXR cells but did not alter the sensitivity of either

cell type to doxorubicin (results not shown). Proton pump
The resting potential of most eukaryotic cells is generally
CI” currents assumed to be essentially controlled by a selective membrane

To our knowledge, no Clcurrents have yet been describedpermeability to K. However, we recently proposed
in NG108-15 cells. Under different experimental conditionsarguments in favour of the idea that the resting potential of
two types of Ct current could be observed in both NG108-15differentiated neuroblastoma cells is maintained at negative
and NG/DOXR cells: a cAMP-activated current and a volumevalues by both voltage-dependent” Khannels and an
sensitive current. A cAMP-activated Cturrent could be electrogenic vacuolar-type*HATPase (V-ATPase) (Gérard
revealed by the addition of dibutyryl-cAMP, forskolin and et al. 1994). This conclusion was mainly based on the
isobutylmethylxanthine (IBMX) to the solution bathing the observations that the V-ATPase inhibitors bafilomycin Al
cells. Fig. 4A shows that the cAMP-activated” Current is  (BFA) (Bowmanet al. 1988), NQ~ and N-ethylmaleimide
7-10 times larger in NG108-15 cells than in NG/DOXR cellsand the K channel blocker Cs induced additive
(see also Table 3). The ionic nature of this current wadepolarizations. In most cells, V-ATPases function in a
confirmed by replacement of 80 mnidilexternal Ct with  variety of intracellular systems where they contribute to
isethionate. In these conditions, the cAMP-activated currerdecreasing intraorganellar pH. V-ATPases are also
observed in NG108-15 cells reversed at +18¥3), a value  functionally expressed in the plasma membrane of several
closed to the Nernst equilibrium potential for Gt20mV). A animal cells, including tumour cells (Gluck, 1992; Harvey
volume-sensitive Clcurrent could be elicited by exposing the and Wieczorek, 1997; Nanda and Grinstein, 1991), and
cells to hypo-osmotic external solutions (24% reduction irevidence has been provided for the involvement of a V-
osmolarity). In NG108-15 cells, this current was sustained foATPase in MDR (Ma and Center, 1992; Marquardt and
prolonged periods when the cells remained swollen and wef@enter, 1991). Taking all these factors into consideration, the
dialysed with a pipette solution containing ATP. In contrast, aeffects of BFA, N@™ and C$ on the resting potential of
already observed by Jirseh al. (1994) in multidrug-resistant NG108-15 and NG/DOXR cells were studied. Fig. 5 shows
lung cancer cells, ATP was not required for the activation anthat these three agents depolarized both cell types by
maintenance of the current in NG/DOXR cells. In both celR0-30 mV. Although the depolarizations induced by ®s
types, the current was €aindependent since the addition of sensitive and resistant cells were not significantly different,
2mmol 1 EGTA to the pipette solution did not affect its the depolarizations induced by BFA and NOwere
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Fig. 5. Effects of bafilomycin, nitrate and caesium on the restin Initial potential (mV)
potential of NG108-15 and NG/DOXR cells. The resting potential wa

measured 3-5 min after establishing the whole-cell configuration wit <
10pumol 1 bafilomycin A (BFA) in the pipette A medium, or with & 30 = Control B
140 mmol 1 KNO3 or 140 mmolt1 CsCl replacing 140 mmot} KCI 5 <
in the pipette A medium. In all cases, external A medium was use § BFf
Values are means sE.M. of N experiments. *Significant difference & 20 = Cs
between cell type$<0.05. g *
©
B 10- .
>
significantly £<0.05) larger in resistant (BFA, 30+2mV, 2 .
N=11; NG~, 30x2mV, N=7) than in sensitive (BFA, B:'J 0
23+3mV,N=10; NG;~, 24+1 mV,N=6) cells. > NG108-15 NG/DOXR NG108-15 NG/DOXR
Initial potential —70 mV Initial potential —40 mV

Effects of chemosensitizing agents on the membrane _ -
potential and volume-sensitive Qlurrent Fig. 6. Effects of verapamil (VER) and quinine (QUI) on the

. . - ial of NG108-15 and NG/DOXR cells. (A)
Since cytoplasmic pH and/or V-ATPase activities aremembra_ne_po_tentla S
thought toyplzfy a rolepin MDR and the resting potential 01Depolarlzatlon induced by 10nol -1 verapamil (Ai) or 10umol I~

. _quinine (Aii) as a function of membrane polarization. External A and
NG108-15 and NG/DOXR cells seems to be partly determlnepipette A media were used. (B) Effects of bafilomycin A (BFA) and

by a H" pump (see below), we analyzed the effects of thicg on the depolarization induced by ol I-2 verapamil from an
chemosensitizing agents verapamil and quinine on thinjtial potential of ~70mV (left) or -40mV (right). Results are
membrane potential. Before the application of externaexpressed as meanss&Mm. (N=4-9). *Significantly different from
verapamil (1@moll™}) or quinine (10@moll™), the the control valueP<0.05.

membrane potential was held at different levels betwd&én

and-90mV using constant injected currents. Verapamil and . .
ST . : L reduced when the pH of the pipette solution was lowered from
quinine induced instantaneous reversible depolarizations

NG/DOXR cells whatever the initial potential. In NGlOS-lSLP'3 0 6.8. Similar effects were observed with BFA (Fig. 7C,D).

. L o In contrast, verapamil affected the volume-sensitivec@irent
cells, verapamil and quinine induced depolarizations when th

initial potential was more positive that60 mV, but had no ‘%ﬁere”"‘?”y n N(.3108'15 and NG/DOXR cell;. Whereas
- . . verapamil had a minor effect on NG108-15 cells, it reduced the
effect for initial potentials near or more negative than the o
) . . volume-sensitive Clcurrent of NG/DOXR cells to less than
resting potential{70 mV) (Fig. 6A). In NG/DOXR cells, the .
T . - . 20% of the control value (Fig. 7E,F).

depolarization induced by verapamil from an initial potential
of =70mV was inhibited by BFA but was not significantly o .
modified by C$. When the initial potential was40 mV, the Effect of BFA on doxorubicin resistance
verapamil-induced depolarization was not significantly The electrophysiological studies presented above show that
modified by BFA but was decreased by" @s both NG108- drug resistance is accompanied by several alterations in ionic
15 and NG/DOXR cells (Fig. 6B). membrane permeabilities. Among these, modifications to the

The preceding observations suggest that the V-ATPase pharmacological properties of a plasma membrane V-ATPase
NG/DOXR cells (but not that of NG108-15 cells) was inhibitedseem to be particularly interesting. Taking into account the
by verapamil and quinine. Given that such inhibition shouldsuggested role of intracellular pH in drug resistance (see
induce a decrease in cytoplasmic pH and, as shown in kidnégytroduction), one can ask whether the V-ATPase contributes
cells (Mori et al. 1994), that the volume-sensitive"Qlurrent  in some way to doxorubicin resistance. To answer this
may be highly sensitive to intracellular pH, we examined theuestion, we examined the effects of BFA (0.5 pnbl 1)
effects of intracellular pH, BFA and verapamil on the activatioron the sensitivity of NG/DOXR cells to doxorubicin (100 or
of this CI current. Fig. 7A,B shows that, in both NG108-15 and200 nmol 1). BFA alone was cytotoxic and decreased the cell
NG/DOXR cells, the volume-sensitive Glurrent was greatly number to approximately 40 % of the control value. When BFA



28 V. GERARD AND OTHERS
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Fig. 7. Effects of intracellular pH (pHi), % 21
bafilomycin A (BFA) and verapamil (VER) on g 4
the volume-sensitive Clcurrent of NG108-15 ©
and NG/DOXR cells. The volume-sensitive Cl ~
current, plotted as a function of voltage, was 6 E 8 F
recorded as described in Fig. 4B under control Control 6l Control
conditions and with a pipette medium buffered ar
at pH6.8 (A,B), with 2umol I bafilomycin A VER 41
added to the pipette medium (C,D) or with 2|
10umol Il verapamil added to the external 2r
medium (E,F) K=3-6). At-60 mV, the volume- (¥ i o - oS00
sensitive Ct current of NG108-15 cells was
reduced to 20+10% (pH6.8), 15+6% —2f ot
(bafilomycin A) and 84+3% (verapamil) and
that of NG/DOXR cells was reduced to 30+9 % ! y ' ; ; ' -4 ' ' y : : '
(PH6.8), 26+9% (bafilomycin A) and 11+5% —60 —40 -0 0 20 40 —60 40 -0 0 20 40
(verapamil) of the control values. Voltage (mV) Voltage (mV)

was applied in the presence of doxorubicin, the effect was not It is generally assumed that an increased expression of P-gp
significantly different from that of BFA alone (Table 4). is sufficient for the development of an MDR phenotype.
However, although overexpression of P-gp is associated with
cellular changes that could be directly responsible for MDR, a
Discussion number of forms of drug resistance not associated with P-gp
We have established that NG108-15 neuroblastogiimma  have been observed. Moreover, P-gp overexpression alone has
hybrid cells resistant to doxorubicin exhibit an MDR not been associated with levels of drug resistance above
phenotype. They are cross-resistant to two other anticancapproximately 10-fold, and high levels of drug resistance are
drugs: vinblastin and colchicine, express a 170kDa membramelated more to drug selection than to P-gp overexpression
protein identified as the P-glycoprotein and their drug resistancgloffman et al. 1996). The observation that NG/DOXR cells
is antagonized by the classical chemosensitizers verapamil aace 130 times more resistant to doxorubicin than NG 108-15
quinine. The development of MDR in neuroblastoma cells igells suggests that additional changes have been induced in
accompanied by several alterations in the expression levels thiese cells by the doxorubicin selection. Independently of P-gp
properties of ionic channels or transporters. These alteratiomserexpression, these events may be responsible for at least part
include increased expression or activity of *Nehannels, of the observed alterations in ionic membrane permeabilities.
decreased expression or activity of cAMP-activated ClI The enhancement of Naurrent density in NG/DOXR cells
channels and acquired sensitivity to verapamil and quinine @ comparable with that observed by Yamashital. (1987)
an electrogenic plasma membrane system which has tie MDR human leukaemia cells. As suggested by these
pharmacological properties of a vacuolar-typeATPase. authors, it may be a consequence of either an increased
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Table 4.Effects of bafilomycin on the sensitivity of NG108-15 and NGDOX/R cells to doxorubicin

Relative cell number

DOX (nmolf1)  BFA (umol 1) In DOX In BFA In DOX + BFA

NG108-15 2 0.5 0.92+0.03 0.34+0.01 0.36+0.01
2 1 0.90£0.02 0.25+0.01 0.24+0.01

NGDOX/R 100 0.5 0.94+0.02 0.47+0.02 0.59+0.02
100 1 0.96+0.05 0.42+0.05 0.46+0.03

200 1 0.92+0.02 0.39+0.02 0.39+0.01

Cells were counted as described in Materials and methods after 48 h of exposure to doxorubicin (DOX) or bafilomycin A @BAjaalon
DOX + BFA.

Cell number is expressed relative to its control value in the absence of drug.

Values are means £.M., N=3-5.

expression of genes encoding*N&annels or an alteration in Significantly different may indicate that MDR is not associated
the lipid structural order of the membrane. with an increased expression of V-ATPase. However, we
The decrease in CAMP-activated “Cturrent density —Suggest that the properties of the V-ATPase are modified in
observed in NG/DOXR cells may be due to a decrease DR cells since (1) depolarizations induced by BFA angNO
expression of genes encoding these channels. Anoth@fe larger in NG/DOXR than in NG108-15 cells, and (2)

possibility is that cyclic AMP is pumped out of the cells by P-verapamil induces membrane depolarizations in NG/DOXR
gp, which would explain the absence of NG/DOXR cellcells that are abolished when the cells are pretreated with BFA.

differentiation in the presence of dibutyryl-cCAMP. Alterations to the properties of the V-ATPase of MDR cells

thought to play a role in MDR. According to Gét al.(1992) CI= current was inhibited by intracellular acidification and
and Valverdeet al.(1992), the appearance of P-gp is associateBFA in both NG108-15 and NG/DOXR cells, whereas it was
with the appearance of Gturrents activated by cell swelling, inhibited by verapamil in NG/DOXR cells only. We thus
suggesting a dual role for P-gp as a drug transporter ard a @pnclude th_at MDR is accompanied by an acquired sensitivity
channel. In constrast, several recent studies have indicatedoaverapamil of a vacuolar-type'rhTPase. As a consequence,
lack of correlation between P-glycoprotein expression an¥erapamil should induce a decrease in intracellular pH (Keizer
volume-sensitive Clchannel activity (De Greedt al. 1995; and Joenje, 1989), which results in an inhibition of the volume-
Donget al.1994; Ehringet al. 1994; Kunzelmanet al. 1994; sensitive Ct current. The vacuolarHATPases of plants have
Morin et al. 1995; Rasol@t al. 1994; Wancgt al. 1994). Our been shown to be inhibited by verapamil (Pfeiffer, 1995).
results, showing the presence of volume-sensitivel@innels Given the lack of information on the sensitivity to verapamil
with similar activity in both drug-sensitive and drug-resistan©f V-ATPases in animal cells, the origin of the differential
cells, led us to conclude that, in neuroblastoma cells, there $&nsitivity to verapamil of drug-sensitive and drug-resistant

channel activated by cell swelling. due to the existence of two isoforms of one subunit of the

Another phenomenon observed in highly MDR cells is arf*TPase, diff(_arentially sensitive to verapamil and differentially
alkaline shift in intracellular pH, suggesting that protons mayxPressed in  NG108-15 and ND/DOXR cells. Other
be extruded from the cells by the action of P-gp. This could bRossibilities are MDR-associated changes in the membrane
due to a direct effect of P-gp (which would be a proton pump'jp'd composition or interactions between _V—ATPase and _P—
or to an indirect effect (either the cytosolic substrate of P-gflycoprotein. It is important to determine whether this
is protonated or P-gp activity is coupled with proton transponglfference is the cause qf MDFRa an alteratllon in intracellular
which provides the motive force for drug transport)pH- Our results showing that BFA did not reverse the
(Gottesman and Pastan, 1993; Thiekeiual. 1990). Another resistance of NG/DOXR cells to doxorubicin argue against a
possibility is that P-gp affects pHi by altering the transport of0l€ of pHi in multidrug resistance of drug-selected MDR cells
HCOs~ (Hoffmanet al. 1996). We have previously presented (S€€ also Altenbergt al. 1993). However, in addition to its
arguments in favour of the contribution of an electrogenic V&ction on pHi, it has been shown in Swiss 3T3 fibroblasts that
ATPase to the genesis of NG108-15 cell membrane potenti&fA |_nh|b|ts DNA synthesis and induces a rounding up of cells
(Gérardet al. 1994). This conclusion is confirmed here in both(Saurin et al. 1996). Moreover, we have shown that BFA
sensitive and resistant cells by the observation that their restif§Polarizes neuroblastoma cells. These effects may induce a
potentials are decreased by BFA and by replacement of interrcrease in chemotherapeuﬂc. drug accu_mulanop or efficacy
CI- with NO3™ or aspartate (Fig. 5; Table 2). The observatior@nd thus may annul a possible reversing action of BFA
that resting potentials of sensitive and resistant cells are nBtediated by a decrease in pHi.
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In conclusion, our results show that, in addition to P-Gottesman, M. M. AND PasTaN, |. (1993). Biochemistry of multidrug
glycoprotein overexpression, MDR in neuroblastoma cells is resistance mediated by the multidrug transpoAeRev. Biochem.
accompanied by alterations in ionic membrane permeabilities 62, 385-427.
with, in particular, modifications in the properties of a plasmd!AMiLL, O. P., MARTY, A., NEHER, E., S\KMANN, B. AND SIGWORTH,
membrane V-ATPase. This latte point may be an important (| TS0 R EE PECLERT O e patohes
factor which should be examined further. Pfliigers Arch391, 85-100.
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