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Abstract. The characteristics of volume-activated chlo-
ride currents, drug transport function and levels of P-gly-
coprotein (PgP) expression were compared between two
human chronic erythroleukemia cell lines: a parental
(K562) cell line and a derivative obtained by vinblastine
selection (K562 VBL400). Parental K562 cells showed
no detectable P-glycoprotein expression, measured at the
protein level immunofluorescence labeling with mono-
clonal antibodies), and had very low levels of MDR-1
mRNA expression (RT-PCR analysis), when compared
with levels measured in K562 VBI400. Differences in
Pgp-mediated transport were estimated by comparing the
rates of Fluo3 accumulation. The higher drug-transport
function of K562 VBLA40O cells (e.g., lower Fluo3 accu-
mulation) correlated with their elevated levels of MDR-1.
The rate of dye transport was sensitive to verapamil but was
not affected by the tonicity of the extracellular medium.
In contrast to the clear differences in transport func-
tion, the characteristics of chloride currents induced by
cell swelling were indistinguishable between the two cell
lines. Currents measured in the whole-cell configuration
were outwardly rectifying, had a higher permeability to
iodide than to chloride (SCN™ > I” > CI™ > gluconate),
were potently blocked by NPPB and were unresponsive
to verapamil. The percentage of responding cells and the
mean current density were nearly identical in both cell
lines. In addition, activation of the volume-sensitive cur-
rent was not prevented during whole-cell recordings ob-
tained with pipettes containing high concentration of cy-
totoxic drugs (vincristine or vinblastine). These results
do not lend support to the previously reported association
between Pgp expression and volume-sensitive chloride
channels, and suggest that a different protein is respon-
sible for this type of chloride channel in K562 cells.

Correspondence to: F. Viana

Key words: Volume regulation — Multidrug resistance
—- Cancer cells — Chloride channels — MDR-1 gene.

Introduction

Chloride channels form a heterogeneous class of mem-
brane proteins. Molecular cloning and sequencing have
allowed the identification of several families of chloride
transporting proteins. Furthermore, biophysical tech-
niques permit discrimination between several types of
chloride channels with respect to gating, anion selectiv-
ity, single channel conductance, pharmacology and reg-
ulation by intracellular factors (reviewed in Jentsch,
1993; Paumichl et al., 1993). Chloride channels are in-
volved in a variety of cellular functions like transepithe-
lial transport (Welsh, 1987; Frizzell & Halm, 1990;
Welsh & Smith, 1993), inhibitory synaptic transmission
(Bormann, Hamill & Sakman, 1987), cell division
(Block & Mody, 1990), control of resting membrane
potential in muscle cells (reviewed in Bretag, 1987), reg-
ulation of cell volume and control of intracellular pH
(reviewed in Hoffmann and Simonsen, 1989; Grinstein
& Foskett, 1990). Chloride channels may also function
as mechanotransduction elements (Oike, Droogmans &
Nilius, 1994).

The molecular identity of volume-activated chloride
channels remains controversial. Studies in transfected
3T3 fibroblasts and lung epithelial cells strongly sug-
gested that volume-activated chloride channels are asso-
ciated with expression of P-glycoprotein (170 kD) (Val-
verde et al., 1992). This protein, the product of the
MDR-1 gene, is a member of the ABC (ATP-binding
cassette) superfamily of membrane transporters, that also
includes the cystic fibrosis transmembrane conductance
regulator. Expression of P-glycoprotein can confer mul-
tidrug resistance to eukaryotic cells by a mechanism that
involves ATP-dependent extrusion of cytotoxic drugs
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out of the cell (reviewed in Endicott and Ling, 1989).
Additional experiments in MDR-1 transfected cells
showed that P-glycoprotein-mediated transport and
channel activity could be separated (Gill et al., 1992).
A model was developed, suggesting that both activities
of P-glycoprotein reflect two different, mutually exclu-
sive, functional states of the protein (Gill et al., 1992).
The interconversion between the two states is mediated
by changes in the tonicity and by the availability of sub-
strate. According to this proposal, incubation in hypo-
tonic solution would switch the protein into its channel
function mode. On the other hand, when the protein
functions as transporter, channel function is excluded.

In contrast to aforesaid results, other studies in epi-
thelial cell lines (Rasola et al., 1994) and Chinese ham-
ster fibroblasts (Altenberg et al., 1994) did not reveal a
clear correlation between the expression of a chloride
conductance activated by cell swelling and the expres-
sion level of P-glycoprotein. Another putative chloride
channel activated by changes in cell volume is the mul-
tidrug resistance-associated protein (MRP) (Jirsch et al.,
1993). Like Pgp, MRP is also a member of the ATP-
binding cassette transmembrane transporter superfamily
(Cole et al., 1992). Finally, the chloride channel CIC-2
also has been shown to be activated by changes in cell
volume when expressed in Xenopus oocytes (Griinder et
al., 1992). However, the recent description of a native
chloride channel activated by hypotonicity (Ackerman,
Wickman & Clapham, 1994) and the identification of an
endogenous swelling-induced chloride conductance reg-
ulatory protein in Xenopus oocytes (Paulmichl et al.,
1992; Krapivinsky et al., 1994) complicates the interpre-
tation of the aforesaid results. In a recent study, Nilius et
al. (1994c¢) characterized a volume-activated chloride
current in a large number of cell lines. They concluded
that volume-activated chloride conductances are ubiqui-
tously expressed in mammalian cells and that they share
a lot of properties but also display pharmacological and
regulatory differences. Collectively, these studies point
to a possible diversity of volume-activated chloride
channels.

The principal aim of this study was to investigate the
possible relationship between volume-activated chloride
channel function, drug transport function and P-glyco-
protein expression in K562 cells, a human chronic eryth-
roleukemia cell line. In addition we tested the hypothe-
sis whether transport and channel functions of P-glyco-
protein are interdependent.

Materials and Methods

CeLL CULTURE

K562 (human chronic myelogenous leukemia cell line; ATCC CCL
243) and K562 VBLA0O cells were grown in RPMI medium supple-
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mented with 10% fetal calf serum. K562 VBL400 is a drug-selected
cell line obtained by culturing K562 cells in the presence of progres-
sively increasing doses of vinblastine up to 400 ng/ml as described
(Van Acker, Van Hove & Boogaerts, 1993). Cultures were maintained
at 37°C in a fully humidified atmosphere of 5% CO, in air. The culture
medium was exchanged every 48 hr. Cells were detached by gentle
shaking and either harvested for RNA isolation or, in case of electro-
physiological experiments, reseeded on gelatin coated coverslips at a
density of 1250-2500/cm?. In the latter case, cells were kept in culture
for at least 24 hr and a maximum of 7 days.

RT-PCR ANALYSIS

Total RNA was extracted from a cell pellet containing 5 x 10° cells
according to the Chomczynski method (1987) followed by a treatment
with RNAse-free DNAse (Boehringer Mannheim). Total RNA (1 ug)
was reverse transcribed into first strand ¢cDNA using 200 ng of oli-
g0o(dT), 5 primers (Boehringer Mannheim) in 20 ul containing (mM) 50
Tris/HCI pH 8.3, 75 KCl, 3 MgCl,, 1 DTT, 0.5 of each dNTP, 40 U
RNasin (Promega) and 200 U Moloney-murine leukemia virus (M-
MLYV) reverse transcriptase (RT) (Life Sciences BRL). A blank RT
reaction containing all components except the M-MLV-RT was per-
formed in parallel. 3 pul aliquots of the RT+ and RT- first strand
reaction mixture were used for PCR amplification in a 50 pl reaction
containing 200 um dNTPs, 0.5 um primers and 2.5 units thermostable
Tub DNA polymerase (Amersham Life Science) and the commercially
supplied low Mg®* buffer. Samples were denatured at 94°C for 2 min
followed by 32 cycles of 1 min at 94°C, 1 min at 63°C and 1 min at
72°C. PCR products were separated on a 6% nondenaturing polyacryl-
amide gel and visualized by ethium bromide staining. To label the
PCR products, 5 pul of the first PCR mix was diluted into a fresh 50 i
PCR mix containing 2.5 uCi of dCTP[o-*?P] and amplified for 10
additional cycles. A nondiscriminatory primer pair that coamplifies
human MDR-1 and MDR-2 fragments was used. The presence of
MDR-1- and/or MDR-2-specific fragments was determined by digest-
ing aliquots of the 265 nt MDR-1/2 3?P-PCR products with Hinf L.
Hinf I products of 182 and 83 nt are MDR-1-derived, while 138 and
127 nt Hinf I bands correspond to MDR-2. Cut and uncut samples
were run on a 6% nondenaturing polyacrylamide gel. The dried gels
were processed on a PhosphorImager (Molecular Dynamics, Sunny-
vale, California). The following primers were used to amplify MDR
fragments: MDR-sense: TGCCTATGGAGACAACAGCCGGGT;
MDR-reverse: GTCCAGGGCTTCTTGGACAACCTT.

RT-PCR analysis for actin mRNAs was performed to check the
quality of the RNA samples. Actin primers were isoform-unspecific
allowing amplification of o, B- and y-actin: sense primer: GCTGA-
CAGGATGCAGAAGGAG:; anti-sense primer: GATCCACATCTGC-
TGGAAGG. The annealing temperature for this primer set was 55°C.

FACS AnaLYsis oF Pop EXPRESSION

Cell surface expression of Pgp was evaluated by immunofluorescence
using a FACS flow cytometer (Becton Dickinson). Pgp expression was
detected with MRK16, a monoclonal antibody directed against an ex-
tracellular epitope of MDR-1 Pgp (Hamada & Tsuruo, 1987). MRK16
was a kind gift from Dr. T. Tsuruo, Cancer Chemotherapy Center,
(Tokyo). An isotypic monoclonal antibody (isotype IgG2a) was used
as a control antibody for nonspecific binding. Cells (0.5 x 10° per tube)
were washed once in phosphate buffered saline (PBS), pelleted and
resuspended in blocking buffer (1% bovine serum albumin, 5% normal
mouse serum, 10% human AB serum in PBS). MRK16, or the control
isotypic antibody, was added to a final concentration of 20 Ug/ml and
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incubated for 30 min at 4°C. Cells were then washed twice with PBS
and incubated with a secondary antibody (phyco-erythrin conjugated
rat anti-mouse) for 30 min. Cell labeling was analyzed on a FACS flow
cytometer with a minimum of 10* events being counted.

FLuo3 TRANSPORT ASSAY

Cells were harvested and resuspended in Hanks Buffered Saline Solu-
tion (HBSS) without Ca?* or Mg?* at a concentration of 2 X 10° cells
per ml. Cells were aliquoted in 200 ul and prewarmed at 37°C for 10
min. 200 pl HBSS containing 8 uM Fluo3-AM (Molecular Probes) was
then added to the cells. When necessary, the Fluo3-AM solution con-
tained 40 uM verapamil to block MDR-1 mediated transport. Uptake
measurements were started immediately after the addition of Fluo3-
AM. Accumulation of Fluo3 in the cells was followed by monitoring
the cell-associated mean fluorescence (excitation wavelength = 488
nm; emission wavelength = 525 nm) with a FACS flow cytometer
during a 1 min-time interval. The Fluo3 uptake rate was expressed as
the change in mean channel fluorescence per unit of time. To examine
the effect of extracellular hypotonicity on transport activity, 120 ul of
cells resuspended in HBSS were diluted to 200 pl by adding either 80
ul distilled H,O (40% reduction in osmolarity) or 80 pl of HBSS
(isotonic condition). Fluo3-AM (8 M in 200 pl hypotonic HBSS (40%
reduction in osmolarity)) or isotonic HBSS was added as required.
When necessary, this solution contained 40 uM verapamil. Uptake
measurements were started immediately after the addition of Fluo3-
AM. This corresponded to a time interval of 30 sec between the re-
duction of the tonicity of the cell suspension and the beginning of the
assay. In some experiments, there was a time interval of 3 min between
the hypotonic stimulus and the beginning of the transport assay.

ELECTROPHYSIOLOGY

A detailed description of our recording methods has been provided
elsewhere (Nilius et al., 1994a). In most experiments, whole-cell
membrane currents were measured using conventional ruptured
patches. Series resistance compensation was used routinely and
amounted to 40-60% of total access resistance. In some experiments,
the nystatin-perforated-patch technique was used instead (Hormn &
Marty, 1988). Currents were monitored with an EPC-7 (List Elec-
tronic, Germany) patch clamp amplifier and sampled at 4 msec inter-
vals (2048 points per record, filtered at 100 Hz). The voltage protocol
consisted of 1.2 sec step to —80 mV starting from a holding potential of
0 mV, followed by a step of 0.4 sec to —150 mV and a 5.2 sec linear
voltage ramp to +100 mV and a return to the holding potential. In some
experiments, a prepulse to —100 mV (50 msec) was followed by a 1-sec
ramp to +100 mV. These two protocols were applied every 10 to 15
sec and have the advantage that complete I-V curves can be continu-
ously generated during the experiment and that activation of the swell-
ing-induced current can be tested at any membrane potential. The I-V
relationship of the volume-activated current and its reversal potential
was obtained from difference currents, measured during the voltage
ramp in isosmotic and hyposmotic solutions. The relative permeability
to different anions was estimated by the shift in reversal potential of the
swelling-sensitive current, according to the following expression:

AE ., = E»-—Eo-=RT/ZF In (P~ [X],/Pe-- [CI7],)

SOLUTIONS

The standard isosmotic solution was (in mm): 105 NaCl, 0.5 MgCl,, 1.3
CaCl,, 10 HEPES, 70 p-Mannitol (275 mOsm/l). Hypertonic external
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solution contained 120 mm D-mannitol. Cell swelling (hyposmotic ex-
ternal solution) was induced by omitting D-mannitol from the standard
external solution (see Diaz et al., 1993). During anion substitution
expetiments 105 mM NaCl was replaced by the same concentration of
the sodium salt of iodide, gluconate and thiocyanate. All solutions
were adjusted to pH 7.4 with Tris. Osmolarity of all solutions was
measured with a vapor pressure osmometer (Wescor, Utah).

The standard pipette (internal) solution was made up in Milli-Q
water (Millipore) and contained (in mm): 100 K-Aspartate, 40 KCI, 2
MgCl,, 4 Na,-ATP, 10 HEPES, 0.1 EGTA buffered to pH 7.2 with
KOH, (285 mOsmy/l). In a separate series of experiments 250 UM vin-
blastine or 250 um vincristine were added to the standard internal
solution. During those experiments, recordings were alternated with
pipettes containing standard internal solution. In 10 cells, 100 mm
Cs-Aspartate replaced 100 mm K-Aspartate in the pipette. The com-
position of the K*-free internal solution consisted of (in mm): 105
NMDG, p-Mannitol 70, 1 MgCl,, 2 Na,-ATP, 10 HEPES, 0.1 EGTA,
buffered to pH 7.2 with HC1. For perforated-patch experiments, a stock
of nystatin (5 mg in 50 pl dimethylsulfoxide) was suspended by son-
ication in the standard internal solution at a final concentration of 500
ug/ml. Recording pipettes had resistances between 3-9 MQ when
filled with internal solution. The ground reference electrode was an
agar bridge filled with 150 mm KCI. The liquid junction potential
between the standard pipette solution and the isosmotic bath solution
was —3 mV (pipette negative). The relative junction potentials of an-
ion-substituted external solutions had the following values (in mV): I",
0; SCN™, 0; gluconate, —3. These values were obtained by measuring
the shift in zero current voltage of the EPC-7 amplifier when switching
between the various solutions. These potentials were not corrected in
the figures, but were corrected in the description of reversal potentials
and relative permeabilities throughout the text.

Experiments were performed at room temperature (20—
22°C). The chloride channel blocker 5-nitro-2-(3-phenylpropyl-
amino)-benzoic acid (NPPB) was purchased from RBI (Natick, MA).
All other drugs were from Sigma.

STATISTICS

Pooled data are given by mean + SE of the mean (xn, number of obser-
vations). For statistical comparisons Student’s ¢ test was used. Differ-
ences were considered significant when P was less than 0.05.

Results

ExrressioN oF MDR-1 Pgp v K562 anp K562
VBL400 CeLLs

Expression of MDR-1 in K562 and K562 VBL400 cells,
a vinblastine-selected derivative of K562, was examined
at the RNA level by Reverse-Transcriptase-Polymerase
Chain Reaction (RT-PCR) and at the protein level by
immunofluorescence using a Fluorescence Activated
Cell Scanner (FACS). For the RT-PCR analysis, total
RNA was reverse transcribed with oligo-dT primers into
first strand cDNA and cDNA aliquots were then ampli-
fied using a nondiscriminatory primer pair that amplifies
human MDR-1 and MDR-2 cDNAs. Subsequent diges-
tion of the 265 nucleotide MDR-1/2 PCR product
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Fig. 1. RT-PCR analysis of MDR-1 Pgp expression in K562 and K562 VBL400 cells. (A) Ethidium bromide stained gel of MDR-1/2 RT-PCR
products in K562 and K562 VBL40O cells (see Materials and Methods). Lanes 1 and 2: K562; lanes 3 and 4: K562 VBL400; lane M: markers; the
+ and — signs refer to the presence or absence of reverse transcriptase (RT) during the first strand cDNA synthesis step. Note the prominent 265
nt MDR-1/2 band in K562 VBLA0O but not in K562. (B) PhosphorImager analysis of MDR-1/2 RT-PCR products in K562 and K562 VBLA400.
Aliquots of the PCR products shown in panel A were diluted into a second PCR mix that contained 2.5 uCi dCTP[a->2P] and amplified as described
(see Materials and Methods). Lanes 1 to 3: K562; lanes 4 to 6: K562 VBL400; lane M: markers. The + and — signs refer to the presence or absence
of reverse transcriptase (RT) during the first strand cDNA synthesis step or to the inclusion or exclusion of a Hinf I digestion after the PCR reaction
(see Results). Note that the intensity of the signals in lanes 1-3 (K562) was enhanced relative to that in lanes 4-6 (K562 VBLA400) to allow
photographic reproduction. In K562 a band of approximately 85 nt was already present before Hinf I digestion (lane 2). This ‘ghost’ band partially
obscures the MDR-1 derived 83 nt band in lane 3. (C) Control RT-PCR experiment, using primers for actin (see Materials and Methods). A 144
nt band of comparable intensity was amplified in both cell lines. Lanes 1 and 2: K562; lanes 3 and 4: K562 VBL400; the + and — signs refer to

the presence or absence of reverse transcriptase during the first strand cDNA synthesis step.

with Hinf I allows discrimination between MDR-1-
specific and MDR-2-specific fragments. On gels stained
with ethidium bromide we could easily detect after 32
PCR cycles a 265 nt MDR-1/2 fragment in K562
VBLA0O but not in K562 cells (Fig. 14). We then ra-
dioactively labeled the PCR products by diluting an al-
iquot in a fresh PCR mix containing dCTP[o->*P] and
performing 10 additional cycles (see Materials and
Methods). The amplified bands were digested with Hinf
I and analyzed on a Phosphorlmager after gel electro-
phoresis. The restriction pattern of the 265 nt band (Fig.
1B) indicates that, in K562 VBLA400 cells, this band is
nearly exclusively derived from MDR-1 (182 and 83
Hinf I fragments). Using this sensitive method, we could
also observe a faint 265 nt MDR-1/2 band in parental
K562 cells (Fig. 1B) which, on the basis of the restriction
enzyme pattern, consisted of a mixture of MDR-1 (182
and 83 Hinf I) and MDR-2 (138 and 127 nt) fragments.
These results indicate that K562 cells also express
MDR-1 Pgp, albeit at a much lower level. Finally we
checked the quality and the integrity of the RNA samples
by performing a PCR analysis of actin on the same RT
mixtures that had been used for MDR-1 amplification.

Figure 1C shows that a 144 nt actin fragment of compa-
rable intensity could be amplified in both cell lines.

The RT-PCR analysis was complemented at the pro-
tein level by immunofluorescence analysis of MDR-1
Pgp expression. To this end, K562 and K562 VBL400
cells were incubated with either MRK 16, a monoclonal
antibody raised against an extracellular epitope of
MDR-1 Pgp (Hamada and Tsuruo, 1987), or an isotypic
control antibody that does not recognize a cell surface
antigen in these cells. After incubation with a secondary,
phyco-erythrin conjugated antibody, the presence of
MDR-1 Pgp on the cell surface was evaluated with a
FACS flow cytometer. The FACS profiles in Fig. 2
clearly show that K562 VBLA40O cells overexpress Pgp
as compared to the parental K562 cells. In fact, Pgp
expression in K562 could not be detected using this
method as the MRK16 curve coincided with the control
curve, obtained with an isotypic antibody. The lack of
detection of Pgp in parental K562 cells by flow cytom-
etry, but labeled with a different monoclonal antibody
(C219), agrees with a recent report (Hait et al., 1993).
These data suggest that membrane levels of Pgp in pa-
rental K562 cells are indeed very low.
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Fig. 2. FACS analysis of MDR-1 Pgp expression in K562 and X562
VBLA00. Expression of Pgp at the cell surface was determined with
MRK16, a monoclonal antibody against Pgp. Control curves were ob-
tained by labeling the cells with an isotypic monoclonal antibody.
Binding of MRK16 or the control antibody to the cells was measured
by FACS analysis. A and B show the FACS profiles for K562 and K562
VBLA400, respectively. Note that for K562 cells the MRK16 curve
superimposes on the control curve whereas in K562 VBL400 cells the
MRK16 curve is shifted to the right indicating significant expression of

Pgp.

DiIrrERENCES IN PGP-MEDIATED TRANSPORT BETWEEN K562
AND K562 VBL400 CgLLs

We also investigated whether we could detect any dif-
ferences in Pgp-mediated transport between these two
cell lines. To do so, we took advantage of the fact that
hydrophobic acetoxymethyl ester fluorescent dyes such
as Fluo3-AM, are substrates for the Pgp transport system
(Homolya et al., 1993). Hence, when cells are incubated
with Fluo3-AM, passive diffusion of the dye into the cell
is counteracted by extrusion of the dye by the Pgp trans-
port system. The intracellular accumulation of Fluo3-
AM and consequently of the hydrolyzed Fluo3 is there-
fore inversely proportional to the Pgp transport capacity.
We measured Fluo3 accumulation in K562 and K562
VBLA400 by monitoring the mean channel fluorescence
as a function of time with a FACS flow cytometer (Fig.
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Fig. 3. Pgp-mediated transport in K562 and K562 VBL400. Time
course of Fluo3 accumulation in K562 and K562 VBL400 in the pres-
ence (V+) or absence (V-) of 20 pum verapamil. Cells were incubated
with Fluo3-AM and the intracellular accumulation of Fluo3 was mon-
itored by measuring the mean channel fluorescence with a FACS flow
cytometer. Experiments were performed in the absence or presence of
verapamil (20 um) which blocks Pgp mediated transport. The data are
derived from one experiment and are representative of those obtained
in three other experiments.

3). K562 cells gradually accumulate Fluo3 as indicated
by the increase in cell-associated fluorescence with time.
20 uM verapamil, an inhibitor of Fluo3-AM transport by
Pgp (Homolya et al., 1993), slightly increases the rate of
fluorescence accumulation in the parental K562 cell line,
indicating a small but demonstrable Pgp transport activ-
ity. In contrast, K562 VBL400 cells hardly accumulate
any Fluo3 as indicated by the nearly flat slope of the
curve in Fig. 3. Furthermore, addition of verapamil
clearly increases the slope of the accumulation curve
which reflects the contribution of Pgp to Fluo3-AM ex-
trusion.

InpucTioN OF AN Tonic CURRENT BY HYPOTONICITY

The traces in Fig. 4A show a series of currents in a K562
vinblastine resistant cell (K562 VBL400). These cur-
rents were evoked by voltage ramps from —100 to +100
mV at different times after switching the bath to hypos-
motic solution. An outwardly rectifying current began to
develop within seconds of the solution exchange. Figure
4B shows the time course of current development, mea-
sured at two different potentials. The filled circles plot
the mean current for a voltage window between +75 and
+85 mV, while the filled squares plot the mean current
for a voltage window between —85 and —75 mV. Current
develops earlier at depolarized potentials and has a larger
amplitude. The degree of reversibility during return to
isosmotic solution showed a marked variability, from
nearly complete recovery (see Fig. 7B) to no recovery.
However, application of hyperosmotic external solution
caused an almost complete recovery in the majority of
cells (Fig. 4B and D). A second hypotonic challenge was
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Fig. 4. Transmembrane osmotic gradients activate identical ionic conductances in K562 and K562 VBLA40O cells. (A) Series of whole-cell currents
elicited by voltage ramps (-100 to +100 mV), delivered every 10 sec in a K562 VBLA40O cell. Next to each sweep is the time elapsed since the start
of perfusion with hyposmotic extracellular solution. (B) Time course of the hyposmotic-induced current (same cell as in A). Circles and squares
represent the mean current measured during a 10 mV window centered at +80 and —80 mV respectively. Note the larger current amplitude at +80
mV. The peak current during the second hyposmotic challenge is contaminated by transient activation of a calcium-dependent potassium current.
(C) Whole-cell currents in a parental K562 cell (same protocol as in A) at different times during an hyposmotic challenge. Numerals to the right
of the traces correspond to the times labeled in D. (D) Time course of the swelling-sensitive current (same sampling periods as in C). Note the partial
recovery of current upon return to isosmotic conditions and the additional recovery during external hyperosmotic recordings. The smaller currents
in C and D compared to those in A and B reflect only the large range of current amplitudes measured in these cells.

able to induce an increase in current, often of smaller
amplitude than during the first hyposmotic challenge.
Currents evoked by hyposmotic stimulation were neatly
identical in parental K562 cells compared to those
evoked in K562 VBLAOO cells. An example of currents
measured in a representative parental K562 cell at dif-
ferent times during an hyposmotic stimulus is shown in
Fig. 4C, and the time course of cuirent development is
shown in Fig. 4D.

Figure 54 and B show bar histograms of current
density (10 pA/pF bins) of the swelling-activated current
in K562 and K562 VBLAOO cells, respectively. There
was a great variability in current densities for individual
cells in both populations. In a significant number of cells
exposure to hyposmotic solution did not activate a cur-
rent (not shown). The proportion of nonresponding cells
did not differ between the parental (K562) and the drug-
selected (K562 VBLA0O) cell lines: in the K562 popu-
lation 23.7% of the cells did not respond.’ For the K562
VBL400 population this percentage was 22.7%. The
mean current density of the responding K562 cells (39.6
+ 4.9 pA/pF; n = 29) was not significantly different from
the mean current density in the responding K562

! We defined nonresponsive cells as those having a volume-sensitive
current density smaller than SpA/pF, measured at +80 mV.
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Fig. 5. Current densities of swelling-induced currents in K562 and
K562 VBLAOO cells. (A) Bar histogram of the current density distri-
bution of swelling-induced currents in K562 cells. (B) The same his-
togram for K562 VBL400 cells. The first bar in both histograms rep-
resents the percentage of nonresponsive cells (Io- < 5 pA/pF).

VBLA40O0 cells (41.7 = 6 pA/pF; n =34). The average cell
capacitance was 10.9 £ 0.5 pF in parental cells compared
to 12.5 £ 0.6 pF in drug-selected cells. This difference in
average cell capacitance was statistically significant.
Surprisingly, no current was induced in K562 (4 out of 4)
or K562 VBLA400 (3 out of 4) cells when recorded in the
perforated whole-cell configuration (not shown). In con-
trast, HeLa cells showed large and readily reversible vol-
ume-activated currents when recorded under identical
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conditions (2 out of 2) (nor shown) (see also Nilius,
Sehrer & Droogmans, 1994). We will show below that
these currents are carried by chloride primarily.

GATING OF VOLUME-SENSITIVE ClI™ CHANNELS

The gating of volume-activated CI™ channels in K562
cells lacked significant voltage dependence. Figure 64
shows current responses in a parental K562 cell to volt-
age steps in isosmotic (top panel) and in hyposmotic
(middle panel) conditions. The swelling-induced current
activates very fast and is nearly constant during the 200
msec duration steps from —100 to +100 mV. At+50 mV
the current inactivated by 5 + 2% (n = 4), while inacti-
vation at +100 mV was 8 + 4% (n = 4). Deactivation
kinetics were also very fast, with no detectable tail cur-
rents. Plotted in Fig. 6B are current values measured 10
msec after the start of the voltage steps (filled squares)
and the current response to a 1-sec voltage ramp, deliv-
ered a few seconds after applying the step protocol. The
degree of outward rectification obtained during voltage
steps matches closely the one observed during voltage
ramps. Furthermore, these records were obtained in
symmetrical internal and external chloride (105 mm NM-
DGCI inside vs. 105 mm NaCl outside), suggesting that
outward rectification in volume-sensitive chloride chan-
nels is due to permeation properties rather than to volt-
age- or time-dependent gating.

PERMEATION PROPERTIES AND PHARMACOLOGY OF THE
SWELLING-INDUCED CURRENT

The current could be induced in cells recorded with ei-
ther Cs" or K* as the main intracellular cation, suggest-

1
50 100

K562 VBL

Current-voltage relationship of the whole-cell
current recorded in hyposmotic conditions for the

voltage (m) same cell as in A. The filled squares represent
current measured 10 msec after the beginning of
B sON the voltage pulse and the continuous line, current
r obtained from a 1-sec duration voltage ramp. (C)
S mm Gl Swelling-induced ramp currents in a K562

VBLA400 cell, recorded after replacing extracellular
CI” with gluconate, I” and SCN™. Records have
been subtracted from a background ramp current
recorded in isosmotic solution. (D) Plot of relative
permeabilities for different extracellular anions in
K562 parental and K562 VBLA40O0 cells (see
Materials and Methods).
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ing that it is not a K™ current. In symmetrical chloride
solutions and with NMDG inside and Na* outside, it
reversed at =5 = 1 mV (n = 3) suggesting that it is not a
nonselective cation current. With the standard intracel-
lular solution the current reversed at -9.2 = 1.5 mV (n =
17) in K562 and -11.4 £ 0.6 mV (n = 22) in K562
VBILAO0O cells (Eq- = =25 mV). A significant deviation
from the CI” equilibrium potential was previously noted
for volume-sensitive chloride currents of other cell types,
like T lymphocytes (Lewis, Ross & Cahalan, 1993) or
retinal pigment epithelium (Botchkin & Matthews, 1994)
and partially explained by significant permeability to as-
partate, the main intracellular anion in our experiments.
Assuming a relative permeability to aspartate of 0.2 with
respect to chloride, the estimated reversal potential
would be —15 mV for our recording conditions.

Different chloride currents have a particular anion
selectivity sequence. To investigate the relative perme-
abilities of the current activated by hypotonicity we re-
placed extracellular CI” with different anions and mea-
sured the shift in reversal potential. Examples of ramp
currents obtained in the same K562 VBL400 cell in the
presence of sodium salts of C17, SCN™, I” and gluconate
are shown in Fig. 6C. Chloride was more permeable
than gluconate but less than iodide or SCN™. The per-
meability ratios for different anions are illustrated sepa-
rately for K562 and K562 VBLAQQ cells in the Fig. 6D.
There were no significant differences in the permeability
ratios of the two cell lines, suggesting that hypotonicity
induces a similar anion current in K562 and K562
VBLA40O0 cells.

The osmotically activated current was blocked by
the chloride channel blocker NPPB as shown in Fig. 7A.
Shown in this K562 cell are current responses to voltage
ramps in control (isosmotic solution), following hypos-
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motic replacement and during application of 100 pum
NPPB. In this case, block was complete and rapidly re-
versible upon wash. On average, the inhibition at +80
mV was 94 £ 3% (n = 6) for K562 cells and 90 £ 5% (n
= 6) for K562 VBLA40O cells. In contrast, verapamil (50
to 100 um), an effective blocker of Pgp-associated CI™
current (Valverde et al., 1992) and of Pgp-associated
drug transport (see Fig. 3) did not inhibit the volume-
activated current in K562 or K562 VBLA400 cells (rn = 4).
Figure 7C shows current traces in a K562 VBLA0O cell
in isosmotic conditions and hyposmotic conditions, be-
fore and during application of 100 um verapamil. In this
particular example the current continued to increase,
even during verapamil application, but returned to base-
line during drug washout in hyperosmotic solution.

Hyrortonicrry Dogs NoT ArrecT Pop
TraANSPORT CAPACITY

A volume-activated C1™ current has recently been asso-
ciated with the MDR-1 molecule (Gill et al., 1992). A
model was developed, proposing that channel and drug
transport activities of P-glycoprotein reflect two differ-
ent, mutually exclusive, functional states of the protein.
The interconversion between the two states is mediated
by changes in extracellular tonicity and by the availabil-
ity of substrate. According to this proposal, incubation
in hypotonic solution would switch the protein into its
channel function mode. On the other hand, when the
protein functions as transporter, channel function is ex-
cluded. We therefore wanted to test whether Pgp-
mediated transport in K562 and K562 VBL400 cells is
affected by the tonicity of the extracellular medium and
also whether activation of a C1” current can be prevented
by loading the cell with transport substrates such as vin-
blastine or vincristine in the presence of hydrolyzable

ATP (see next section). These results are predicted by
the bimodal transporter-channel function of Pgp (Gill et
al., 1992).

Fluo3 accumulation in K562 VBL400 cells was
studied in isotonic and hypotonic media with or without
verapamil (20 um), a blocker of P-glycoprotein mediated
dye extrusion (Homolya et al., 1993). The contribution
of Pgp to dye extrusion can therefore be inferred from the
increase in fluorescence accumulation in the presence of
20 um verapamil. As shown in Fig. 84 Fluo3 accumu-
lation in K562 VBL400 was not affected by the tonicity
of the extracellular medium as equal accumulation rates
were obtained in isotonic and hypotonic media. Further-
more, addition of verapamil accelerated the Fluo3 accu-
mulation in isotonic and in hypotonic medium to the
same extent. Therefore, Pgp transporters were equally
active in isotonic and hypotonic conditions indicating
that Pgp-mediated transport in K562 VBLA40O0 cells is not
down regulated in hypotonic medium. One possible ex-
planation for the lack of inhibition could be that as a
result of the drug selection K562 VBLA400 cells overex-
pressed a mutant Pgp that no longer responded to
changes in extracellular tonicity. We therefore repeated
the same experiments with the parental K562 cells (Fig.
8B) which have never been cultured in the presence of
vinblastine. However, we observed qualitatively similar
results in the parental cells, i.e., hypotonicity did not
affect the accumulation rate of Fluo3 and verapamil in-
creased the accumulation rate of Fluo3 to the same extent
under isotonic and hypotonic conditions. Therefore, the
lack of inhibition cannot be ascribed to a mutation in the
Pgp molecule. An alternative explanation for the lack of
inhibition could be that conversion from transporter
mode to channel mode is not yet maximal at the time of
transport measurement. We therefore repeated these ex-
periments but waited 3 min instead of 30 sec between the
hypotonic stimulus and the addition of Fluo3-AM after
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Fig. 8. Hypotonicity does not affect Pgp-mediated transport. Intracel-
lular accumulation of Fluo3 was measured in isotonic (iso) and hypo-
tonic (hypo) conditions. To reduce the tonicity of the extracellular
medium, 80 I of H,O were added to 120 ul of cell suspension after
which Fluo3-AM was added and transport measurement was started.
Accumulation rates in both conditions were determined in the absence
(V=) or presence (V+) of verapamil (20 um) which blocks Pgp-
mediated transport. A and B show the accumulation rates for K562
VBL400 and K562, respectively. Note that basal accumulation rates are
identical in isotonic and hypotonic conditions and that verapamil is still
able to accelerate uptake in both isotonic and hypotonic conditions. The
mean values were derived from three experiments and the standard
deviation for each condition is indicated above each bar. C is a distri-
bution plot of the forward scatter of K562 VBL400 cells in isotonic and
hypotonic medium. The increase in forward scatter in hypotonic me-
dium is a reflection of change in cell size due to cell swelling.
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which transport measurement was immediately started.
Again, we obtained similar results independently of the
time interval between hypotonic stimulation and addition
of Fluo3-AM (data not shown). Therefore, time-
dependent effects cannot account for the lack of transport
inhibition by hypotonicity. Finally, we also verified
whether these cells swell after hypotonic stimulation.
Cell size can be estimated from the forward scatter mea-
sured by a FACS flow cytometer (Muirhead, Horan &
Poste, 1985). Figure 8C shows an increase in forward
scatter when the extracellular tonicity is reduced. This
confirms that K562 VBLA400 cells swell after hypotonic
stimulation. We therefore conclude that in K562 and
K562 VBL400 cells, Pgp-mediated transport is not af-
fected by the extracellular tonicity.

Pcp SUBSTRATE LOADING DOES NOT PREVENT ACTIVATION
OF VOLUME-SENSITIVE CURRENT

In MDR-1 transfected S1/1.1 lung carcinoma cells and
NIH3T3 fibroblasts, Gill et al., (1992) showed that
whole-cell recordings with pipettes containing ATP and
various cytotoxic drugs (all substrates of Pgp-mediated
transport) caused a large inhibition (>80%) of the vol-
ume-sensitive current. Therefore, we also tested whether
activation of the volume-sensitive CI” current can be
prevented by loading the cells with a substrate for the
transporter in the presence of hydrolysable ATP. As
shown in Fig. 94, the protocol consisted in obtaining the
whole-cell configuration with a pipette containing 250
um vinblastine (or 250 um vincristine) and waiting a
period of 5 min before applying the hyposmotic solution.
In most cases, the current (measured at +80 mV) showed
a small and progressive increase during the isosmotic
period. The amplitude and rate of current development
increased rapidly in the presence of hyposmotic solutions
and was reversed by hyperosmotic external solutions.
The current was also sensitive to 100 um NPPB. The
same protocol with control pipettes yielded identical re-
sults (Fig. 9B), a progressive increase in current during
isosmotic conditions followed by a rapid increase in hy-
posmotic solutions. The bar chart in Fig. 9C summarizes
these results. In control cells the mean current density
was 46 £ 7 pA/pF (n =7), compared to 35 = 7 pA/pF (n
= 6) in vinblastine-loaded and 36 * 9 in vincristine-
loaded cells (n = 3). These differences were not statis-
tically significant.

Discussion

Our results show that drug transport as measured by
Fluo3 accumulation in K562 cells is correlated with the
level of P-glycoprotein expression and blocked by
known inhibitors of this transporter, e.g., verapamil. In
addition, dye transport was not influenced by the tonicity
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Fig. 9. Activation of swelling-sensitive current is insensitive to cyto-
toxic drugs. (A) Time course of current activation in a K562 VBL400
cell recorded with a pipette containing 250 M vinblastine. Currents
evoked by 1-sec linear ramps (—100 to +100 mV) and measured at +80
mV. Time zero corresponds to the start of the hyposmotic challenge.
(B) Time course of current activation in a K562 VBL400 cell recorded
with a control pipette (see Materials and Methods). (C) Bar histogram
of average current (measured around +80 mV) in control cells (n = 7),
vinblastine-loaded cells (n = 6) and vincristine-loaded cells (n = 3). A
fourth cell loaded with vincristine did not respond to hyposmotic so-
lation (I < 5 pA/pF).

of the extracellular medium. As expected, vinblastine-
selected K562 cells overexpress MDR-1 Pgp and have a
higher Pgp transport capacity than the parental K562
cells. In marked contrast to the drug transport data, the
swelling-induced CI™ current was not directly correlated
with the level of P-glycoprotein expression as there were
no significant differences between the swelling-induced
CI” currents in K562 and K562 VBLA0O0 cells. Further-
more, currents were not affected by preloading the cells
with Pgp substrates.

The volume-activated chloride current in parental
and drug-selected K562 cells shares several features with
volume-activated chloride currents recently described in
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other cell types such as chromaffin cells (Doroshenko,
Penner & Neher, 1991; Doroshenko & Neher, 1992),
Jurkat T lymphocytes (Lewis et al., 1993), HeLa cells
(Diaz et al.,, 1993), epithelial cells (Kubo & Okada,
1992), human endothelial cells (Nilius et al., 1994a,b)
and a large sample of various nonexcitable cells (Nilius
et al., 1994¢). These currents share the following prop-
erties: (i) more permeable to iodide than to chloride; (ii)
outwardly rectifying current-voltage relationship; (iii)
potent and reversible block by 100 um NPPB; (iv) small
single-channel conductance of less than 5 pS (no data
available for K562 cells).

The swelling-induced CI™ currents in K562 cells,
parental and drug-selected, displayed two intriguing fea-
tures. First, a gradual spontaneous induction of the vol-
ume-activated CI™ current can occur under isosmotic
conditions in K562 and K562 VBLA400 cells, and current
reversibility from hyposmotic stimulus often requires
perfusion with external hyperosmotic solutions. These
observations are similar to those made previously for a
volume-sensitive chloride conductance in the human co-
lonic cell line T84 (Worrell et al., 1989), and suggest that
some osmotically active macromolecules within the cell
do not equilibrate readily with the pipette solution. In
contrast, a complete reversibility and repeatability of CI”
current responses to hyposmotic stimuli has been de-
scribed in human endothelial cells (Nilius et al., 1994a).
Second, a significant percentage of cells did not activate
a conductance when challenged with a hyposmotic ex-
ternal solution. Similarly, no volume-sensitive currents
were induced in about 20% of epithelial cells tested by
Solc and Wine, 1991. Some of the unresponsive K562
cells could be activated by applying small positive in-
trapipette pressures. This discrepancy between the effec-
tiveness of transmembrane osmotic gradients compared
to changes in pipette pressure was previously noted by
Lewis et al. (1993) in Iymphocytes. In contrast to our
own experience with endothelial cells (Nilius et al.,
19944), and HeLa cells (Nilius et al., 19945), induction
of the volume-sensitive conductance was not observed in
K562 cells during perforated patch recordings. This re-
sult may indicate that a yet unidentified cytosolic con-
stituent of K562 cells exerts an inhibitory effect upon the
coupling of cell-swelling to channel gating, such that
dialysis of the cell is required before channel activation
can take place. Another extreme case of nonresponsive-
ness was reported recently for Chinese hamster lung fi-
broblasts (Altenberg et al., 1994). In that study, neither
wild-type fibroblasts nor highly multidrug-resistant fi-
broblasts (overexpressing Pgp) showed a current induc-
tion by hyposmostic solutions. This variability in re-
sponse to cell swelling is also interesting in light of the
recent identification in Xenopus of an actin-bound cyto-
solic protein that can modulate a volume-sensitive chlo-
ride conductance (Krapivinsky et al., 1994).

Some properties of the swelling-activated Cl™ con-
ductance in both parental and vinblastine-selected K562
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cells matched more closely the properties of a chloride
current in lymphocytes (Lewis et al., 1993) compared to
the current described in transfected 37T3 fibroblasts (Val-
verde et al., 1992) and presumably associated with Pgp
expression. For example, the current in transfected fi-
broblasts, as well as in some epithelial cell lines (Kubo &
Okada, 1992; Rasola et al., 1994), displayed substantial
time-dependent inactivation at positive potentials,
whereas the K562 current did not. In addition, 100 pum
verapamil inhibited the current in transfected fibroblasts
(Valverde et al., 1992, Mintenig et al., 1994) but was
ineffective in K562 cells and lymphocytes. Verapamil
was also a poor blocker of the chloride current in drug-
selected epithelial cell lines (Rasola et al., 1994) and of
the hypotonicity-activated chloride current constitutively
expressed in Xenopus oocytes (Ackerman et al., 1994).

An important question bearing on our data relates to
the molecular identity of the volume-sensitive CI~ cur-
rent in K562 cells. It has been reported that NIH 3T3
fibroblasts and S1 lung cancer cells do not display a
hypotonicity-activated CI” current unless they have been
transfected with MDR-1 ¢cDNA (Valverde et al., 1992).
As mentioned, we did not detect any significant differ-
ences in the biophysical properties such as outward rec-
tification, sensitivity to NPPB and permeability to an-
ions, in the mean current density of the swelling-
activated chloride current or in the percentage of
responsive cells between K562 and K562 VBL400 in
spite of the different MDR-1 expression levels. A sim-
ilar Jack of correlation between the size of swelling-
induced C1” current and the level of P-glycoprotein ex-
pression has also been reported in cell lines derived from
human colon adenocarcinoma and tracheal epithelium
(Rasola et al., 1994). It could be argued that the lack of
correlation is a consequence of the drug selection proce-
dure. For example, drug selection could accidentally re-
sult in the overexpression of a mutant MDR-1 transporter
that has lost its sensitivity to hypotonicity. Two obser-
vations argue against this: (i) the lack of correlation has
been observed in three independently selected cell lines
using two different drugs: K562 cells with vinblastine
and LoVo (human colon adenocarcinoma) and 9HTE_-
cells (human tracheal epithelial cells) with doxorubicin
(Rasola et al., 1994); (ii) we have observed a similar lack
of correlation between amplitude of volume-sensitive
current and levels of Pgp expression while testing several
mammalian cell lines that have never been exposed to
cytotoxic drugs (De Greef et al., 1994).

Channel activation by hypotonic solutions was pre-
vented in MDR-1 transfected cells when Pgp transport
substrates such as vincristine were present prior to the
hypotonic stimulus (Gill et al., 1992). In contrast, we
found that addition of vinblastine or vincristine to the
cell interior did not prevent the activation of volume-
sensitive currents in K562 VBLA4OO cells. In agreement
with our results, Altenberg et al. (1994) found that in-
tracellular loading with rhodamine 123 (a substrate of
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Pgp) did not prevent activation of CI” currents by hy-
posmotic solutions in MDR-1 transfected human breast
cancer cells. Similarly, loading human umbilical vein
endothelial cells with hydrophobic substrates of P-gly-
coprotein did not prevent activation of volume-sensitive
chloride currents (Nilius et al., 1994b). We also tested
whether Pgp mediated transport in K562 was affected by
the tonicity of the extracellular medium. One testable
prediction of the model proposed by Gill et al. (1992) is
that cells incubated in hypotonic medium should have a
lower Pgp transport capacity. However, we did not find
any effect of hypotonicity on the Pgp transport capacity
in either the parental K562 or the K562 VBLA0O cells.
As we observed a similar effect in wild type and drug-
selected K562 cells, it is very unlikely that the lack of
effect can be ascribed to a mutation in Pgp due to the
drug selection procedure. This result is in agreement
with recent data from human breast cancer cells, where
exposure to hyposmotic solutions did not alter
rhodamine 123 efflux (Altenberg et al., 1994).

The lack of correlation between Pgp expression and
the properties or the density of the volume-activated Cl™
current, the inability of Pgp substrates to affect current
induction, the lack of modulation of Pgp transport by
extracellular tonicity and the aforementioned differences
between the C1™ current in K562 cells and the MDR-1-
associated chloride current in transfected fibroblasts sug-
gest that in K562 cells the volume-activated current is
unlikely to be associated with P-glycoprotein overex-
pression. We conclude that K562 cells express a vol-
ume-activated CI” channel that differs from the Pgp-
associated C1” channel described in MDR-1 transfected
S1 cells and NIH 3T3 fibroblasts. At the moment we do
not know why overexpression of MDR-1 is related to a
volume-activated CI” current in some cells, but not in
others. Our data and the description of other chloride
channels activated by hyposmotic challenges (Griinder et
al., 1992) also hint to a diversity of volume-activated
chloride conductances in eukaryotic cells, much in line
with the diversity of other types of voltage and mechan-
ically gated channels.
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