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Abstract. The endogenous volume-regulated anion
channel (VRAC) from HEK293 cells was pharmaco-
logically characterized using the whole-cell patch-
clamp technique. Under isotonic conditions a small
(1.3 nS), Ca2+-independent Cl conductance was mea-
sured. However, swelling at 75% tonicity activated a
VRAC identified as an outward-rectifying anion
current (Pl > PCl > Pgluconate), which was ATP-
dependent and showed inactivation at positive pot-
entials. Activation of this current followed a sigmoid
time course, reaching a plateau conductance of 42.6 nS
after 12–15 min (t1/2 = 7 min). The pharmacology of
this VRAC was investigated using standard Cl�-
channel blockers (NPPB, DIDS, and tamoxifen) as
well as a new group (acidic di-aryl ureas) of Cl�-
channel blockers (NS1652, NS3623, NS3749, and
NS3728). The acidic di-aryl ureas were originally
synthezised for inhibition of the human erythrocyte
Cl� conductance in vivo. NS3728 was the most potent
VRAC blocker in this series (IC50= 0.40 lM) and even
more potent than tamoxifen (2.2 lM). NS3728 accel-
erated channel inactivation at positive potentials.
These results show that acidic di-aryl ureas constitute
a promising starting point for the synthesis of potent
inhibitors of VRAC.
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Introduction

Volume-regulated anion channels (VRACs) comprise
a class of chloride channels that contribute to the

experimental regulatory volume decrease (RVD) re-
sponse: Acute cell swelling in hypotonic media is
counteracted by increased Cl� and K+ effluxes, which
osmotically drive water efflux and restore cell volume
(Hoffmann & Simonsen, 1989). Functional expres-
sion of VRACs seems to correlate closely with cell
proliferation and migration in many cell types, pos-
sibly reflecting the need for subtle volume control
during these processes. It has been suggested that
VRAC inhibitors are anti-angiogenic agents having a
therapeutic potential in cancer treatment (Chou,
Shen &Wu, 1995; Voets et al., 1995; Shen et al., 2000;
Ransom, O’Neil & Sontheimer, 2001; Wondergem
et al., 2001). However, in vivo validation of this
concept suffers strongly from the lack of non-toxic
and metabolically stable blockers of VRACs.

In whole-cell patch-clamp experiments, VRACs
are identified as a swelling-activated, outward-recti-
fying anion conductance with an Eisenman type I
halide selectivity sequence. Despite years of investi-
gation, the molecular nature of VRACs remains
elusive, and it is questionable if it represents a single
entity or a family of channels. The family of mam-
malian ClC channels was cloned in continuation of
the identification of the skeletal muscle Cl� channel
(ClC-0) from Torpedo electroplaques, where it is
highly expressed.1 Several genes, including ClC-2 and
ClC-3, have been considered as the molecular corre-
late of the VRAC (Duan et al., 1997; Grunder et al.,
1992; Paulmichl et al., 1992). However, it is now
widely assumed that VRACs belong to a distinct
family. One problem with Cl� channels in general
and VRACs in particular is the lack of selective high-
affinity blockers, such as peptide constituents of an-
imal or plant venoms to be used as tools in the pu-
rification and cloning process. A number of small
organic molecules with VRAC blocking properties
have been described, but they are neither very potent
nor selective.

J. Membrane Biol. 196, 83–94 (2003)

DOI: 10.1007/s00232-003-0627-x

Correspondence to: P. Christophersen; email: pc@neurosearch.dk



In the present paper a novel class of simple, small
molecule compounds (acidic substituted di-aryl-ure-
as) is compared with the classical Cl� channel
blockers DIDS, NPPB, and tamoxifen. The experi-
ments were performed using VRACs endogenously
expressed in HEK293. NS1652 and NS3623 have
previously been shown to exhibit a potent block of
the human erythrocyte Cl� conductance in vitro.
Furthermore, NS3623 has been tested in a transgenic
mouse model for sickle cell anemia, where it blocked
the erythrocyte Cl� conductance in vivo and stabi-
lized erythrocyte volume after oral administration
(Bennekou et al., 2000, 2001). NS3749 and NS3728
are new compounds but belong to the same structural
class as NS3623. The compounds NS1652, NS3623,
NS3749 and NS3728 inhibited the VRAC with IC50s
of 97 lM, 1.8 lM, 1.4 lM and 0.40 lM, respectively.
The structure–activity relation (SAR) of these four
NeuroSearch (NS) compounds on the VRAC is dis-
tinct from the SAR obtained for the human eryth-
rocyte Cl� conductance, indicating that the activities
can be separated. The observations may serve as a
starting point for the synthesis of selective VRAC
blockers as tools for cloning as well as for develop-
ment of anti-angiogenesis drugs for in vivo proof-of-
concept investigations.

Materials and Methods

CELL CULTURE

HEK293 cells (ATCC CRL-1573) were cultured in DMEM medi-

um supplemented with 10% fetal calf serum and 2 mM Glutamax

(Gibco, BRL). The cells were grown at 37�C in a humidified at-
mosphere of 5% CO2 and 95% air. Cells were cultured in T25 flasks

(Nunc) and when confluency reached 70–80%, the cells were

trypsinized and seeded at 10–20% density in culture flasks or in

Petri dishes containing the coverslips (Ø = 3.5 mm) used for the

experiments.

ELECTROPHYSIOLOGY

All experiments were performed in the patch-clamp whole-cell

configuration. For the pharmacological experiments, cover slips

containing HEK293 cells were transferred to a custom-made ex-

perimental 15 ll recording chamber, positioned on an Olympus
microscope (IX-70), and perfusedwith solution at a rate of 1ml/min.

For the ion-selectivity experiments a larger commercial chamber

(RC-25F, Warner Instruments, Hamden, CT) was used. The refer-

ence electrodes consisted of an Ag/AgCl pellet that was connected

via an agar salt bridge in the selectivity studies. Pipettes were pulled

from borosilicate glass (Modulohm, Denmark) with a DPZ elec-

trode puller (Zeitz Instruments,Germany) and placed in an electrode

holder at the headstage of an EPC-9 amplifier (HEKA electronics,

Germany). The EPC-9 amplifier was connected to a Macintosh G4

computer via an ITC-16 interface. Data was sampled at 3 times the

filter cut-off frequency (3 kHz) with Pulse (HEKA electronics,

Germany) and analyzed with IGOR software (WaveMetrics, Lake

Oswego, OR).2 The pipettes, positioned by aid of a remotely con-

trolled micromanipulator (Eppendorf, Germany), had a resistance

of 1.5–3 MW when filled with the intracellular solution. The elec-

trodes were zeroed just before touching a cell. Capacitative tran-

sients were automatically cancelled after establishment of the

gigaseal, and again after entering the whole-cell configuration. The

series resistance (RS) recorded after breakthroughs to the whole-cell

configuration were in the range of 2.5–5 MW. RS was compensated

80%, updated between applications of voltage protocols, and never

exceeded 8 MW. Currents were recorded either by application of a
voltage step protocol from �100 to +100 mV with 20-mV step in-
creases (from a holding potential of 0 mV; 200 ms duration) or by

application of symmetric voltage ramps applied every 5 s (either

±100 or ±70 mV, 200 ms duration, see legends). Two isotonic

extracellular solutionswere used. TheTEA-Cl solution contained (in

mM): TEA-Cl (tetraethylammonium chloride) 142, CaCl2 2, MgCl2
1, and Tris 10 (pH 7.4) was primarily used for the investigation of the

small background anion conductance in order to minimize all cation

conductances and to avoid a possible Cl-channel block by HEPES.

The TEA solution also allowedVRAC activation, but in this paper a

slightly more physiological NaCl/CsCl solution was used. This so-

lution contained (mM): NaCl 140, CsCl 4, CaCl2 2, MgCl2 1 and

HEPES 10 (pH 7.4). For the ion-selectivity studies, NaCl was sub-

stitutedwith a corresponding concentration ofNaI orNa-gluconate.

The osmolalities of all extracellular solutions were in the range 280–

300 mOsm when measured at The AdvancedTM Osmometer (model

3D3, Advanced Instruments, Norwood, MA3 ). The hypotonic solu-

tions were made by adding water (0.25v:0.75v) to the isotonic so-

lutions. All extracellular solutions were adjusted to pH 7.4 before

use. The intracellular solutions used in the pipettes contained either

100 nM free calcium with (in mM): CsCl 110, Tris 10, EGTA 10, and

CaCl2 5.17, or 1 lM free calcium with CsCl 110, Tris 10, EGTA 1,
and CaCl2 0.955. Mg-ATP (4 mM) was added and the pH was ad-

justed to 7.20 with CsOH before use. The final Cs+ concentration

was 147 mM. The measured tonicity of the final intracellular solu-

tions was in the same range as that of the extracellular solutions. The

free calcium concentrations were calculated by Eqcal Software

(Biosoftware, Cambridge, UK), taking into account the stability

constants for all Ca2+-, Mg2+-, and H+-binding ligands in the in-

tracellular solution.
All compounds used were dissolved in 100% DMSO; except

DIDS, which was dissolved in distilled water. The compounds were

then diluted in the hypotonic solution to the required concentra-

tion. The final DMSO concentration did not exceed 0.1%, a con-

centration range without effect on the recorded currents. For all

compounds concentration-response curves were established. Each

compound was tested 2–8 times at each of the 4–8 different con-

centrations used. The mean Ic/I0 ±SEM was plotted as a function of

the concentration and these data points were used in the fitting

routine. The IC50 values were calculated at �100 and +100 mV or
�70 and +70 mV in order to address the question whether the
block showed any voltage dependency.

ERYTHROCYTE EXPERIMENTS

Experiments were performed as previously described (Bennekou

et al., 2000, 2001). In short, washed erythrocytes were suspended in

a buffer-free extracellular salt solution containing the protono-

phore CCCP to monitor the erythrocyte membrane potential as

change in the extracellular pH. With increasing concentrations of

Cl-conductance blockers, valinomycin-induced hyperpolarizations

were augmented and the fractional decrease in Cl conductance was

calculated.

FITTING PROCEDURES AND CALCULATIONS

IC50 values were calculated from equilibrium concentration-

response experiments. Data were fitted to a Hill equation of the

following form:
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Ic
Io

¼ 1� Cn

Cn þ ðIC50Þn
ð1Þ

using a non-linear routine (Simplex). Io is the unblocked current

level, Ic is the stationary current level at the blocker concentra-

tion C, IC50 is the concentration giving 50% block and n is the

Hill coefficient. The erythrocyte data were fitted to a similar

equation.
For calculation of permeability ratios from shifts in reversal

potentials (Vr) the following equation was used (Nilius et al., 1999):

Px
PCl

¼ CClðnÞ � expð�DVr � F=RTÞ � CClðSÞ
CxðSÞ

ð2Þ

where C is the concentration of anion (Cl or X) in the normal (n)

or, respectively, the substituted (s) hypotonic solution. The reversal

potential of the gluconate solution was corrected for a measured

liquid junction potential of 4.5 mV.

CHEMICALS

DIDS (4,4-Diisothiocyanatostilbene-2,2-disulphonic acid), NPPB

(5-Nitro-2-(3-phenyl-propylamino)-benzoic acid) and tamoxifen

((Z)-[4-(1,2-diphenyl-1-butenyl)phenoxy]-N,N-dimethylethanamine)

were purchased from Sigma. NS1652 (2-[3-(3-trifluoromethyl-phe-

nyl)-ureido]-benzoic acid), NS3623 (N-[4-bromo-2-(1H-tetrazol-5-

yl)-phenyl]-N¢-(3-trifluoromethyl-phenyl) urea), NS3749 (N-[4-

Bromo-2-(1H-tetrazol-5-yl)-phenyl]-N¢-(4-nitro-phenyl) urea) and
NS3728 (N-[3,5-Bis(trifluoromethyl)-phenyl]-N¢-[4-bromo-2-(1H-
tetrazol-5-yl)-phenyl] urea) were synthesized at NeuroSearch A/S

(Pederstrupvej 93, Ballerup, Denmark); for details see Christo-

phersen & Pedersen, 1997, 1998; Dahl & Christophersen, 2000.

Both the carboxylic acid compound (NS1652) and the tetrazoles

(NS3623, NS3749, and NS3728) are acidic compounds (for a dis-

cussion of tetrazole chemistry, see Benson, 1947). Calculated pKA

values (ChemSketch, Advanced Chemistry Developments, Toron-

to, Canada), were 3.5 for NS1652 and 3.9 for the other NS-com-

pounds.
All inorganic salts and buffer substances were from various

commercial dealers and were of analytical grade or higher.

STATISTICS

Data are presented as mean ± SEM of n experiments and, where

appropriate, have been analyzed using Student’s t-test.

RESULTS

EVIDENCE OF VRAC EXPRESSION IN

HUMAN EMBRYONIC KIDNEY CELLS (HEK293)

HEK293 cells express small whole-cell currents and
are often chosen for heterologous expression of ion
channels. Under conditions of blocked cation con-
ductances (Fig. 1A) the I-V relation of the basal
current was slightly outward-rectifying and reversed
at �2 mV, which is in good agreement with the
equilibrium potential for chloride (�5 mV). At 100
mV the normalized mean current was 8.3 ± 0.1 pA/
pF (n= 21, Fig. 1B), corresponding to 98 ± 14 pA in
a typical cell (12.0 ± 0.9 pF). These currents did not
show any time dependency, as would have been
expected for a voltage-dependent channel (Fig. 1A)

Fig. 1. Basal chloride currents in HEK293 cells. (A) Upper panel depicts the voltage-step protocol from �100 to +100 mV (200 ms
duration) from a holding potential of 0 mV. Lower panel shows the corresponding currents recorded from a representative HEK293 cell in

TEA-Cl solution. (B) Average of the normalized chloride currents (Im) from 21 HEK293 cells recorded with an intracellular free [Ca
2+] of

100 nM and from 5 cells recorded with 1 lM free Ca2+. The error bars represent the SEMs.
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and the non-linearity thus probably results from
instantaneous open-channel rectification. With 1 lM
free Ca2+ in the pipette solution, the currents
were similar to those obtained with 100 nM free Ca2+

(Fig. 1B). We conclude that HEK293 cells do not
express a significant number of Ca2+-activated Cl�-
channels.

In contrast, by exposing the clamped HEK293
cell to a hypotonic extracellular solution (�220
mOsm compared to �290 mOsm in the control
NaCl/CsCl solution) a large increase in the con-
ductance was observed (Fig. 2). The I-V relation
measured from the step protocol shows that the
swelling-induced current also exhibited instantane-
ous outward rectification, but at variance to the
basal current it showed clear inactivation at poten-
tials more positive than +40 mV. Some experiments
were done without Mg-ATP in the pipette solution,
which completely abolished the swelling-induced
augmentation of the chloride conductance (data not
shown). To establish the basic anion selectivity of the
swelling-induced current, the permeability ratios of
the iodide ion and gluconate vs. the chloride ion
were established (Fig. 3A). For these studies the
voltage protocol was changed from the step protocol
employed in the experiments shown in Figs. 1 and 2
to a voltage-ramp protocol: A voltage ramp running
from �70 mV to +70 mV in 200 ms was applied
from a holding potential of 0 mV every 5 seconds

(Fig. 3, inset). In the NaCl/CsCl solution a reversal
potential of 6 ± 1 mV (n = 6) was recorded (the-
oretical ECl = 2 mV). Upon equimolar exchange of
the extracellular Cl� with I� or gluconate (10 mM
Cl� remaining), distinct shifts in the reversal pot-
entials towards more negative (DVr = �8 ± 0.4
mV, n = 6), respectively positive potentials (DVr =
37 ± 3 mV, n = 4), occurred. The observed changes
in the reversal potentials correspond to a PI/PCl of
1.4 and a Pgluconate/PCl of 0.18. Overall these char-
acteristics are similar to those found for volume-
regulated anion channels (VRACs) in other cell
types and the channel is thus referred to as VRAC
in the subsequent paragraphs.

The development of VRAC current as a function
of time was established (Fig. 3B). After obtaining the
whole-cell configuration, the ramp currents were re-
corded in isotonic solution during 3 minutes before
application of the hypotonic solution. The current
typically started to increase about 1 minute after the
exchange of the solution and reached a plateau after
about 12–15 minutes (t1=2 ¼ 7 min). The plot of the
mean current (measured at +100 mV) reveals a
smooth, sigmoid, time-dependent activation curve,
which may reflect cooperativity in the activation
process of VRACs. In the hypotonic solution, the
current at +100 mV reached 735 ± 44 pA/pF (n =
55) and at �100 mV it was approximately 2/3 smaller
(251 ± 14 pA/pF).

Fig. 2. VRACs in HEK293 cells. The upper left panel shows the chloride current in a representative HEK293 cell in NaCl/CsCl solution,

and the upper middle panel shows the volume-regulated anion channels (VRACs) after application of hypotonic solution during 15 minutes.

Upper right panel shows the recovery after application of isotonic solution during 60 minutes. Lower panels show the corresponding current

(Im)–voltage (Vm) relationships in each condition. The currents were measured at the end of the voltage step. The intracellular solution

contained a free [Ca2+] of 100 nM.
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PHARMACOLOGICAL CHARACTERIZATION OF

VRACS IN HEK293 CELLS

For the pharmacological characterization of the
VRACs in HEK293 cells the voltage-ramp protocol
was used. Figure 4A shows the traces obtained in
NaCl/CsCl (control; C) solution and in the hypotonic
NaCl/CsCl solution (VRAC). In all pharmacological
experiments the following procedure was followed:
After a stable VRAC current was achieved, the
hypotonic solution was changed to a hypotonic so-
lution containing the desired concentration of the
compound in question. When a new plateau current
level was obtained, the compound was washed off by
superfusion with the hypotonic solution alone. An
example is shown in Fig. 4B, where the time course of
VRAC activation (measured at �100 mV and at
+100 mV from the ramp protocol) was measured
and where DIDS and NPPB were tested. The cell was
exposed to the hypotonic solution, as indicated by the
solid bar, and during the periods indicated by open
bars, the Cl� channel blockers DIDS (30 lM) and
NPPB (30 lM) were sequentially included in the
hypotonic solution.DIDS reduced the current by 43±
8% (n = 6) at +100 mV (Fig. 4B), whereas no effect
was observed at �100 mV, indicating a voltage-de-
pendent action by DIDS. In contrast, NPPB reduced
the inward and the outward currents to a similar
degree (51 ± 22% at �100 mV and 44 ± 21% at
+100 mV, respectively (n = 4)). Although the per-
centage of inhibition for both compounds was simi-
lar, DIDS reached steady state faster than NPPB.

The effects of both compounds were completely re-
versible and the recovery showed similar differences
in the kinetics as did the inhibition: faster for DIDS
than for NPPB.

Figure 5 compiles the results obtained with the
reference compounds. Figure 5A shows I-V ramps
in the control situation and after application of a
partially effective concentration of blocker. All com-
pounds were tested at 5–7 concentrations and con-
centration–response curves were generated (Fig. 5B)
based on current recordings at �100 mV as well as
+100 mV in order to elucidate any possible voltage-
dependent effects on affinity and/or Hill coefficients.
The solid curves represent the best fit to Eq. 1. DIDS
inhibited the VRACs with an IC50 value of 26 lM at
+100 mV and 256 lM at �100 mV. The ten-times
difference in the IC50 values represents the voltage-
dependent block of this compound, whereas the Hill
coefficient for inhibition by DIDS was independent of
voltage (0.8 ± 0.1 at +100 mV and 0.9 ± 0.1 at
�100 mV). In contrast, NPPB had similar IC50 values
at +100 and �100 mV (21 and 27 lM, respectively)
and the Hill coefficient was 1.4 ± 0.2. Finally, tam-
oxifen was tested. It is an anti-estrogen compound
that is extensively used for the treatment of breast
cancer. However, it is also a Cl�-channel blocker that
has been used in studies of swelling-activated currents
and related effects. Interestingly, the compound does
exhibit some selectivity among VRACs from different
cells. In most cases it is very potent (Wondergem
et al., 2001; Chen et al., 2002) but in some cells it has
no effect (Winpenny et al., 1996. Leaney, Marsh &

Fig. 3. Selectivity and time course of VRAC activation in HEK293

cells. (A) Upper panel: Ramp protocol applied every 5 seconds.

Lower panel: Selectivity for gluconate (Glu�) and iodide (I�). After

swelling and stabilization of current, extracellular Cl� was partially

exchanged (10 mM Cl� remained) with gluconate or iodide. (B) The

activation of VRACs as a function of time. The arrow indicates the

time when perfusion with the hypotonic solution was initiated.

Data were not normalized with respect to cell size and contained

recordings from cells having 1.56 to 18.22 nA and being 5.35 to

22.46 pF, 10 minutes after the hypotonic solution was added. The

symbols represent the mean values obtained from 55 cells and the

error bars represent the SEM for selected points on the curve.
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Fig. 4. Test of compounds on VRACs in HEK293 cells. (A) Currents (Im) recorded in control condition (C) and after activation of the

VRACs. (B) Representative experiment showing the current measured at �100 and +100 mV. After 4 min of basal current recording, the
isotonic NaCl/CsCl solution was exchanged for the hypotonic NaCl/CsCl solution (black bar). When a plateau was reached, compounds

were added (in this experiment, DIDS and NPPB at 30 lM). The arrows show the times at which the sweeps in A were taken.

Fig. 5. Inhibition of VRACs by DIDS, NPPB and tamoxifen. (A)

Current (Im)–voltage (Vm) relationships obtained from the voltage-

ramp protocol. Left panel: VRAC current in control conditions

(C), after inhibition by DIDS (30 lM) and after recovery (R).
Middle panel: VRAC current in control conditions, after inhibition

by NPPB (30 lM) and after recovery. Right panel: VRAC current in

control conditions and after inhibition by tamoxifen (10 lM). (B)
Left panel: Fraction of current remaining (Ic/Io) at �100 mV was
plotted as a function of the concentration of the inhibitor (DIDS:

m, NPPB: j and tamoxifen: d). Each point is the average ± SEM

of 2–6 experiments. Right panel: Fraction of current remaining at

+100 mV was plotted as a function of the concentration of the

inhibitor (DIDS:m, NPPB:j and tamoxifen: d). Each point is the

averageÆ±SEM of 2–6 experiments. The IC50 values were calculated

from the best fit of the average data to the Hill equation. At �100
mV the IC50 values were 256 lM, 27 lM and 2.6 lM for DIDS,
NPPB and tamoxifen, respectively. At +100 mV the values were 26

lM, 21 lM and 2.2 lM, respectively.
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Brown, 1997; Mitchell et al., 1997). Therefore, it is
important to profile the VRACs expressed in
HEK293 cells with respect to tamoxifen sensitivity.
With an IC50 value of 2.2 lM at +100 mV, tamoxifen
was by far the most potent reference compound
tested, and definitively categorized the HEK293
VRACs as tamoxifen-sensitive. The inhibition by
tamoxifen did not show any voltage dependency
(IC50 = 2.6 lM at �100 mV) and the Hill coefficient
was 1.3 ± 0.1.

INHIBITION OF VRACS BY SUBSTITUTED
DI-ARYL-UREAS

Figure 6A, B, C and D show representative effects of
the various acidic di-aryl-ureas (NS1652, NS3623,
NS3749 and NS3728) on VRAC ramp currents. Full
concentration–response curves are plotted in Fig. 7.
Obviously, NS1652, a carboxy derivative, is much
less potent than the tetrazole derivatives NS3623,
NS3749 and NS3728. At +100 mV, NS1652 blocks
with an IC50 of 97 lM, whereas NS3623, NS3749 and
NS3728 inhibited the VRAC current with IC50 values
of 1.8 lM, 1.4 lM and 0.40 lM, respectively. Like
NPPB and tamoxifen, the substituted di-aryl-ureas
exhibited only modest, if any, voltage dependency
(Table 1) and the Hill coefficients were close to 1.

The affinity of both reference and NS compounds
were also tested on the erythrocyte Cl conductance
for comparison with the VRAC effect. Hyperpo-
larizations induced by addition of valinomycin to
suspensions of erythrocytes were augmented by

Fig. 6. Inhibition of VRACs by NS1652, NS3623, NS3749 and NS3728. Current (Im)–voltage (Vm) relationships obtained from the voltage-

ramp protocol. (A) VRAC current in control conditions (C), after inhibition by NS1652 and after recovery (R). (B) VRAC current in control

conditions, after inhibition by NS3623 and after recovery. (C) VRAC current in control conditions and after inhibition by NS3749 in

voltage-ramp protocol from �70 to +70 mV. (D) VRAC current in control conditions and after inhibition by NS3728 in voltage-ramp-
protocol from �70 to +70 mV.

Fig. 7. Concentration response curves of VRAC inhibition by di-

aryl-ureas. The fraction of outward current remaining was plotted

as a function of the concentration of the inhibitor (NS1652: d,

NS3623:m, NS3749:( and NS3728:e). Each point is the average

±SEM of 2–8 experiments. The IC50 values were calculated from the

best fit of the average data to the Hill equation. On the outward

current, the IC50 values were 97 lM, 1.8 lM, 1.4 lM and 0.40 lM for
NS1652, NS3623, NS3749 and NS3728, respectively.
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sub-micromolar concentrations of DIDS and all NS
compounds, whereas no effect of tamoxifen and
NPPB was observed at 20 lM. Table 1 shows the
obtained IC50 values.

Finally, in order to elucidate a possible effect on
voltage-dependent channel inactivation by this new
class of compounds, a swollen cell was voltage-
clamped at �50 mV and the inactivation was induced
by a 200 ms step to 80 mV (Fig. 8A). Application of
1 and 3 lM NS3728, the most potent compound,
reversibly and dose-dependently (Fig. 8B and C) re-
duced both inward and outward currents, as expected.
To high-light the effect on the channel inactivation,
the peak amplitudes of the current traces obtained
with blocker were rescaled to the peak of the control
trace (Fig. 8B, left panel). Clearly, NS3728 dose-
dependently accelerate voltage-dependent inactiva-
tion. Note also that the compound prolonged the
time needed for recovery from inactivation (compare
traces at �50 mV). From these experiments, we
conclude that NS3623, NS3749 and NS3728 repre-
sent a new class of compounds that potently block
VRACs in a voltage-independent and reversible
manner.

Discussion

HEK293, a standard laboratory cell line, was inves-
tigated for endogenous expression of functional Cl�

channels by the whole-cell patch-clamp technique.
Using extracellular and intracellular salt solutions,
where the physiological relevant cations Na+ and K+

were exchanged with the impermeant TEA+ and Cs+,
only a small Ca2+-independent, outward-rectifying
background Cl� conductance was isolated. Absence
of Ca2+-activated Cl� channels in HEK293 cells has
previously been reported in a single-channel study by
Zhu et al. (1998) and HEK293 cells have frequently
been used for heterologous expression of proteins
suggested to be calcium-activated chloride channels
(Gruber et al., 1998; Fuller & Benos, 2000; Lever-
koehne & Gruber, 2002).

In contrast, volume-regulated anion channels
(VRACs) were abundently expressed. Upon swelling
in hypotonic (75%) solution the currents activated
with a sigmoid time dependence and reached a stable
plateau level after about 10 min. During the swelling
the total cell conductance (at 0 mV) increased from
1.3 ± 0.1 nS to 43 ± 3.1 nS (n = 55) as a conse-
quence of channel activation. The VRACs were
outward rectifiers exhibiting distinct inactivation at
large positive potentials. Exchanging the extracellular
solution to iodide- or gluconate salts showed that I�

was slightly more permeable than Cl� (1.4 times) and
that gluconate was considerably less permeable (0.18
times). These values are consistent with previously
published values of VRACs from other cells (e.g.,

Voets et al., 1997). Intracellular ATP was an absolute
requirement for channel activation.

The sigmoid time dependency of activation might
solely indicate internalsubunitconformationalchanges
during activation. Thus the volume-dependent gating
can in principle be modeled according to a classical
cooperative model for channel activation. How-
ever, previous investigations on the mechanisms of
activation of VRACs strongly points towards a very
complicated sequence of events and the apparent
cooperativity could also include elements of the
activation cascade. This seems to involve the rho/rho-
kinase pathway, permissive sub-micromolar concen-
trations of intracellular Ca2+, as well as structural
elements such as cytoskeleton and compartmentali-
zation of signaling molecules in membrane caveolae
(Szucs et al., 1996; Okada, 1997; Trouet et al., 1999,
2001, for reviews see Shaul & Anderson, 1998 and
Eggermont et al., 2001).

The HEK293 VRACs were characterized phar-
macologically using the standard Cl� channel block-
ers DIDS, NPPB and tamoxifen as well as NS1652,
NS3623, NS3749 and NS3728, which establish a new
class (substituted acidic di-aryl-ureas) of Cl�-con-
ductance blockers. DIDS exhibited a pronounced
voltage-dependent inhibition of the VRACs, blocking
outward currents more than inward currents. How-
ever, the effect was clearly concentration-dependent
and detailed analysis of the concentration–response
curves revealed that the voltage dependency could be
ascribed entirely to an effect on the affinity of the
block (IC50 = 26 lM at +100 mV vs. 256 lM at �100
mV) rather than changed Hill coefficients (nH = 0.8
± 0.1 at +100 mV vs. nH = 0.9 ± 0.1 at �100 mV).
In contrast, NPPB and tamoxifen both blocked
voltage-independently, with tamoxifen being the
most potent (21 lM vs. 2.2 lM). The di-aryl-ureas
tested in this study were voltage-independent, re-
versible blockers of VRACs. In this series the most
potent compound was NS3728 (0.40 lM), NS3623
and NS3749 were equipotent (1.8 lM and 1.4 lM,
respectively), whereas NS1652 was a poor blocker (97
lM). NS3728 exhibited a distinct accelerating effect of
the voltage-dependent inactivation of VRAC.
NS1652 and NS3623 have previously been described
as potent sub-micromolar blockers of the human
erythrocyte Cl� conductance (molecular identity un-
certain) and were suggested to have potential in the
prevention of red blood-cell dehydration in sickle-cell
patients (Bennekou et al., 2000, 2001). The erythro-
cyte GCl block by the acidic di-phenyl-urea com-
pounds was confirmed in the present study and
further exemplified by the effect of NS3749 and
NS3728. It is noteworthy that NS1652 is a relatively
weak blocker of VRACs, whereas NS3623, NS3749
and NS3728 retain a high potency on this channel,
meaning that the human erythrocyte Cl� conduct-
ance and the VRACs carry different molecular enti-
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Table 1. IC50 values for inhibition of VRACs and the human erythrocyte Cl conductance by classical Cl-channel blockers as well as the

novel di-phenyl-ureas.

Compounds HEK293 VRAC Human red cell GCl

Structure Name IC50 (lM)
Inward current

IC50 (lM)
Outward current

Ratio IC50 (lM)

Tamoxifen 2.6 2.2 1.2 >20

DIDS 256 26 9.8 Irreversible

NPPB 27 21 1.3 >20

NS1652 125 97 1.3 1.6

NS3623 1.8 1.8 1.0 0.6

NS3749 1.9 1.4 1.4 1.4

NS3728 0.46 0.40 1.1 0.6

The values for VRAC inhibition were obtained for the inward and the outward currents, respectively, and the ratio of IC50In/IC50Out were

calculated to evaluate any voltage-dependent block by the compounds. The erythrocyte values were obtained under electrogenic K+ and

Cl� efflux conditions from suspensions of human red blood cells (3.1% cytocrit), which is equivalent to an inward Cl� current at negative

membrane potentials. The compounds are shown as charged structures, which is the predominant form at pH = 7.4.
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ties at the blocker site. In various cell types, VRACs
have been shown to be inhibited by numerous dif-
ferent chemical structures, being only remotely re-
lated to each other: A structural unifying concept of
the classical Cl�-channel blockers like NPPB, niflu-
mic acid, and DIDS is that they are di-aromatic, 2-
substituted acids linked by various chains. However,
hitherto this chemical class has not produced very
potent VRAC blockers. Tertiary amines, like tam-
oxifen and verapamil and various phenol-derivatives
like gossypol (for a review, see Nilius et al., 1999) are
also VRAC blockers and the most potent entities are
found in these groups. For compounds containing an
alkaline nitrogen it has been argued that the un-
charged form of the molecules inhibit the channel
(Voets, Droogmans & Nilius, 1996; Maertens et al.,

2001), possibly indicating that the binding site for
these compounds is exposed to the lipid phase of the
membrane.

The fact that VRACs are blocked by structurally
very different compounds raises the concern that
some of the effects may be indirectly caused by in-
terference with diverse levels in the activation cas-
cade. However, since the di-aromatic substituted
acids are all nearly 100% negatively charged at pH =
7.4 (pKA values usually 3–4, see Materials and
Methods), it is tempting to assume that the negative
group mimics an anion that would normally pass
through the channel. Therefore, these compounds
probably interact with the pore region, perhaps even
with residues near the selectivity filter. This is con-
sistent with the fact that we find instantaneous volt-

Fig. 8. Effect of NS3728 on VRAC inactivation. (A) Voltage

protocol consisting of a holding potential of �50 mV followed by a
voltage step to +80 mV for 200 msec. (B) Left panel: Current in

hypotonic solution (Control), and with 1 lM and 3 lM of NS3728.
The arrow shows where the current was taken for panel C. Right

panel: The control trace is the same as in the left panel. The 1 and 3

lM traces have been multiplied by a factor in order to obtain a
maximal outward current equal to the control current so as to high-

light the increased rate of inactivation. (C) Current at +80 mV as a

function of time. The bars represent the time during which NS3728

was applied (1 and 3 lM). Identical results were obtained in two
additional experiments (n = 3).
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age-dependent blockers (i.e., DIDS) in this group. It
is also possible that the increased rate of voltage-de-
pendent inactivation, shown for niflumic acid and
NPPB (Voets et al., 1997) and for NS3728 (present
study), may reflect blocker exclusion of ions from an
externally-facing, gating-regulatory site in the per-
meation pathway.

The main problem with the standard acidic di-
aryls known and characterized as Cl�-channel block-
ers so far is their very low potency, usually ranging
from 10–1000 lM, which makes them very bad tools
for VRAC purification and completely excludes them
as in vivo active drugs. The new compounds shown
here are chemically different from the classical Cl�

blockers in two important aspects: 1) They use the
tetrazole moiety as acidic group rather than carb-
oxylic or sulfonic acid groups and 2) they carry the
urea moiety as a linker between the two aromatic
centers of the molecule. This combination produces
compounds that are significantly more potent VRAC
blockers than the standard compounds and the re-
sults obtained with NS3728 give promise that further
optimization will reveal low-nM-potency VRAC
blockers. A systematic study on the structure–activity
relationship for potency, voltage dependency and
inactivation of block is urgently needed to explore
this further.

It has previously been shown (Bennekou et al.,
2000, 2001) that NS3623 has good in vivo pharmaco-
dynamic properties, i.e., long-lasting erythrocyte Cl�-
conductance block upon single oral doses and nor-
malization of sickle-cell volume in normal and
transgenic mice as well as low toxicity (3 weeks dos-
ing). Further, NS3623 exhibited no activity (10 lM)
on 60 different receptor-binding assays, including
vascular endothelial growth factor (VEGF). This is
promising for the structurally related new potent
blocker of VRACs, NS3728, and this compound or a
close analogue may be valuable in the elucidation of
the role of VRACs as a pharmaceutical target for
inhibition of angiogenesis and cancer in vivo.
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