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Potent block of volume-activated chloride currents in endothelial
cells by the uncharged form of quinine and quinidine

Thomas Voets, Guy Droogmans & 'Bernd Nilius

KU Leuven, Laboratorium Voor Fysiologie, Campus Gasthuisberg, B-3000 Leuven, Belgium

1 The effects of quininé and quinidine on the volume-activated chloride current (Iciwopy) in cultured
endothelial cells from bovine pulmonary artery were studied by use of the whole-cell patch-clamp

technique.

2 At pH 7.4 both quinine and quinidine induced a fast and reversible block of Iy With K values of

20+4 uM and 30+ 10 uM, respectively.

3 The blocking efficiency of both drugs increased dramatically with increasing extracellular pH,
indicating that the blockade is mediated by the uncharged form of quinine and quinidine.

4 These results suggest a hydrophobic interaction with high affinity between volume-activated chloride
channels and uncharged quinine and quinidine within the membrane bilayer of endothelial cells.
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Introduction

Volume increase activates in many non-excitable cells a Cl~
current (Icivo) Which has been described in detail elsewhere
(Nilius et al., 1994a,b,c). These chloride channels are involved
in the control of various cell functions, including cell volume
regulation (Sarkadi & Parker, 1991), pH control (Hoffmann &
Simonsen, 1989; V6Ikl et al., 1994), and transport of organic
osmolytes (Kirk & Kirk, 1993). In endothelial cells they may
also act as mechano-sensors (Oike et al., 1994). Recent studies
have shown an inhibition of cell proliferation by blockers of
Iciwory (Schumacher et al., 1995; Voets et al., 1995) and asso-
ciated the presence of volume-sensitive chloride channels with
cervical carcinogenesis (Chou et al., 1995), indicating a possi-
ble role for this current in mitogenesis.

In this study we tested the effect of the antimalarial drug
quinine and the antiarrhythmic drug quinidine on the volume-
activated chloride current in endothelial cells. Both drugs have
been widely used to inhibit a variety of potassium channels (see
Kuriyama et al., 1995), including volume-activated potassium
channels (Sandford et al., 1992; Nilius et al., 1995).

Methods

We used endothelial cells from an established cell line from
bovine pulmonary artery (cell line CPAE, ATCC CCL-209).
Cells were grown in Medium 199, detached by exposure to
0.05% trypsin in a Ca%*- and Mg?* -free solution, reseeded on
gelatin coated cover slips, and kept in culture for two to four
days before use. We only used non-confluent cells in our ex-
periments. Whole-cell membrane currents were measured in
ruptured patches. All experiments were performed at room
temperature (20—23°C). Currents were monitored with an
EPC-7 (List Electronic, Germany) patch clamp amplifier and
sampled at 4 ms intervals (2048 points per record, filtered at
100 Hz). The holding potential was 0 mV. The following vol-
tage protocol was used: a step to —80 mV for 0.6 s, followed
by a step to — 150 mV for 0.2 s and a 2.6 s linear voltage ramp
to +100 mV. This protocol was repeated every 15s. The
average current during the successive voltage steps to —80 mV
was used to reconstruct the time course of the volume-acti-
vated current. At this potential, near the K* equilibrium po-
tential, the contribution of K* currents is minimal. The
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current-voltage relationships were derived from the current
recorded during the voltage ramp. Data were analysed in
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Figure 1 Inhibition of Iiyoy by quinine and quinidine. (a) Time
course of activation of Icyyon during superfusion with hypotonic
solution (HTS), reversible inhibition of the current with different
concentrations of quinine and deactivation of the current after
returning to isotonic solution. Data were obtained from the voltage
step to —80mV. (b) Current-voltage relationships obtained from
voltage ramps at the times indicated in (a). Note that the HTS-
induced current reverses very close to the calculated equilibrium
potential for chloride (—24mV). (c) Dose-response curve for
inhibition of Igyoy by quinine (@) and quinidine (O). Each data
point represents observations from at least 4 cells. The solid line
(quinine) and the dotted line (quinidine) represent the best fits
obtained with equation [1].
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Origin (MicroCal Software, Inc.). Pooled data are given as the
mean ts.e.mean.

The standard extracellular solution was a Krebs solution,
containing (in mM): NaCl 150, KCl 6, MgCl, 1, CaCl, 1.5,
glucose 10, HEPES 10, titrated with NaOH to pH 7.4. The
osmolarity, as measured with a vapour pressure osmometer
(Wescor 5500, Schlag, Gladbach, Germany), was
320+ 5 mOsm. Hypotonic solutions contained NaCl 96, KCl
6, MgCl, 1, CaCl, 1.5, glucose 10, HEPES 10, and were ti-
trated with NaOH to pH 6, pH 7.4 or pH 8.9. The osmolarity
of these solutions was 240+ 5 mOsm (~25% hypotonicity).
The pipette solution contained (in mM): KCl 40, K-aspartate
100, MgCl, 1, EGTA 0.5, Na,ATP 4, HEPES 10, titrated with
KOH to pH 7.2. Quinine hydrochloride and quinidine hy-
drochloride monohydrate were purchased from Sigma.

Results

Volume-activated chloride currents were activated by replacing
the external isotonic Krebs solution by a 25% hypotonic so-
lution. This current has been previously described in en-
dothelial cells (Nilius et al., 1994a,b; Sziics et al., 1996). Figure
la shows an experiment in which different concentrations of
quinine were added to the external solution during a main-
tained superfusion with hypotonic solution. Quinine induced a
fast and concentration-dependent block of Iciwon, Which was
almost complete with 500 uM. This block was reversible and
recovery of the current upon washout was fast. Current-vol-
tage relationships before and after addition of the different
drug concentrations (Figure 1b) show that Ic.p is equally
inhibited at positive and negative potentials (a voltage-in-
dependent block). Very similar results were obtained with
quinidine (not shown). The concentration-dependence of the
inhibition of Icyyen, measured at —80 mV, by both drugs is
represented in a dose-response curve (Figure 1c). Data points
were fitted with the equation:
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Figure 2 Time course of the current at —80mV showing the effect
of decreased (a,b) and increased (c,d) pH on the block of Icivor by
quinine (a,c) and quinidine (b,d).
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in which C is the drug concentration and KX represents the drug
concentration needed for half maximal block. The estimated
values of K; were 20+4 uM (quinine) and 30+ 10 uM (quini-
dine).

At pH 7.4, both quinine and its stereoisomer quinidine
occur mainly with a single positive charge, due to a ternary
amine group with a pK, value of 10. In order to investigate if
their inhibitory effects on Icywor are mediated by the positively
charged or the neutral form, we performed experiments in
which the pH of the hypotonic solution was increased to 8.9 or
decreased to 6.0 during drug application. Short (1-2 min)
changes in the pH of the external solution alone did not sig-
nificantly affect the amplitude of currents measured in isotonic
or hypotonic conditions (not shown). Figure 2 shows the re-
sults of a set of experiments in which the pH of the external
solution was changed during application of different con-
centrations of quinine or quinidine. It is obvious that the in-
hibitory effect of both drugs was markedly reduced at lower
pH (Figure 2a,b), and potentiated at higher pH (Figure 2c,d).
These differences could be explained by assuming that only the
uncharged form of quinine and quinidine exert a blocking ef-
fect. To calculate the uncharged concentrations we used the
equation:

log(%) =pH - pK, (2]
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Figure 3 Dose-response curves for the inhibition Icivoy by the
uncharged form of quinine (a) and quinidine (b). Data points
obtained at pH 6 (A), pH 7.4 (@) and pH 8.9 (W) were fit by use of
equation [1]. The uncharged concentrations were calculated with
equation [2]. Each data point represents observations from at least 4
cells.
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where U is the concentration of uncharged drug, and C the
concentration of charged drhg in the solution. From this
equation, it can be calculated that at pH 6 only 0.01% of
quinine or quinidine is in its neutral form, compared with
0.25% at pH 7.4 and 8% at pH 8.9. Figure 3 shows the in-
hibition of Iciwory by quinine and quinidine at the various pH
values as a function of the uncharged concentration of the
drugs. The pooled data points obtained at the different pH
values for quinine (Figure 3a) and quinidine (Figure 3b) could
both be fitted by equation [1], with K; values of 67+ 13 nM and
135+ 24 nM for, respectively, quinine and quinidine.

Discussion

The molecular and functional analysis of volume-activated
chloride channels is still hampered by the non-availability of
sufficiently sensitive and selective pharmacological tools as
modulators of these channels (see Nilius et al., 1996). Such
tools might be of special interest for endothelial cells, as
blockers of volume-activated chloride currents have been
shown to inhibit endothelial proliferation (Voets et al.,
1995). In breast cancer the inhibition of endothelial growth
leads to tumour regression, by reducing vascularization and
thus impairing tumour perfusion (Furman Haran et al.,
1994).

In previous studies it has been shown that quinine or qui-
nidine in concentrations up to 1 mM inhibit volume-activated
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completely. These differences in sensitivity might be an in-
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could be used to discriminate between these types.

Our results prove that the inhibition Iy is mediated by
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bilayer. The voltage-independent nature of the block supports
this hypothesis.

In conclusion, volume-activated chloride currents in en-
dothelial cells are efficiently blocked by the uncharged forms of
quinine and quinidine. Given that these uncharged molecules
exert their inhibitory effect in the nanomolar range, quinine-
like structures might provide a basis for the development of
novel modulatory compounds for volume-activated chloride
currents, with an even higher affinity and specificity.
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