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1 Volume-Sensitive, Outwardly Rectifying (VSOR) Cl7 currents were measured in canine colonic
myocytes by whole-cell patch clamp. Decreasing extracellular osmolarity 50 milliosmoles l71

activated current that was carried by Cl7 and 5 ± 7 times greater in the outward direction.

2 Ni¯umic acid, an inhibitor of Ca2+-activated Cl7 channels, did not inhibit VSOR Cl7 current.
Glibenclamide, an antagonist of CFTR, and anthracene-9-carboxylate (9-AC) inhibited current less
than 25% at 100 mM.

3 DIDS (4,4-diisothiocyanato-stilbene-2,2'disulphonate) inhibited VSOR Cl7 current more
potently than SITS (4-acetamido-4'-isothiocyanato-stilbene-2,2'-disulphonate). IC50s were 0.84 and
226 mM, respectively.

4 VSOR Cl7 current was strongly inhibited by tamoxifen ([Z]-1-[p-dimethylaminoethoxy-phenyl]-
1,2-diphenyl-1-butene), an anti-oestrogen compound (IC50=0.57 mM).

5 Gd3+ antagonized VSOR Cl7 current more potently than La3+. The IC50 for Gd3+ was 23 mM.
In contrast, 100 mM La3+ inhibited current only 35+7%.

6 Antagonists of VSOR Cl7 current had non-speci®c e�ects. These compounds blocked voltage-
dependent K+ and Ca2+ currents in colonic myocytes. Tamoxifen (10 mM) and DIDS (10 mM)
inhibited L-type Ca2+ current 87+7 and 31+5%, respectively. Additionally, in the presence of
300 nM charybdotoxin, tamoxifen (1 mM) and DIDS (10 mM) inhibited delayed recti®er K+ current
38+8 and 10+2%, respectively.

7 The pharmacology of VSOR Cl7 channels overlaps with voltage-dependent cation channels.
DIDS and tamoxifen inhibited VSOR Cl7 equally. However, because DIDS had much less e�ect on
L-type Ca2+ and delayed recti®er K+ channels than did tamoxifen, it might be useful in experiments
to investigate the physiological and pathophysiological role of this conductance in whole tissues.
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Abbreviations: BAPTA, 1,2-bis[2-aminophenoxy]ethane-N,N,N',N'-tetraacetic acid; DIDS, 4,4-diisothiocyanato-stilbene-2,2'-
disulphonate; EGTA, ethylene glycol-bis [b-aminoethyl ether] N,N,N',N'-tetraacetic acid; HEPES, N-[2-
hydroxyethyl]piperazine-N'-[2-ethanesulphonic acid]; SITS, 4-acetamido-4'-isothiocyanato-stilbene-2,2'-disulpho-
nate; tamoxifen, [Z]-1-[p-dimethylaminoethoxy-phenyl]-1,2-diphenyl-1-butene; TEA, tetraethylammonium;
TRIS, tris[hydroxymethyl]aminomethane; VSOR, volume-sensitive, outwardly rectifying

Introduction

Distribution of VSOR Cl7 channels is widespread in
mammalian cells (Nilius et al., 1994), including smooth muscle

(Dick et al., 1998; Greenwood & Large, 1998; Xu et al., 1997;
Yamazaki et al., 1998). Cl7 channels pass currents carried by
organic osmolytes and halides and are known to aid in the

control of cell volume, pH, and membrane potential (Strange
et al., 1996). Swelling-activated Cl7 channels are grouped in a
gene superfamily known as ClC (Jentsch et al., 1995), with nine
known members. There has been debate over the molecular

entities that underlie VSOR Cl7 currents (Clapham, 1998;
Okada, 1997; 1998; Strange, 1998), and di�erent channels may
contribute to responses in di�erent cell types. ClC-3, cloned

from guinea-pig ventricular myocytes, is thought to be the
cardiac VSOR Cl7 channel (Duan et al., 1997b). ClC-3 gene
transcripts are also present in vascular (Yamazaki et al., 1998)

and visceral (Dick et al., 1998) smooth muscle cells. Although
the presence of ClC-3 Cl7 channels per se has not yet been
demonstrated in smooth muscle, the VSOR Cl7 conductance

present in this cell type could potentially participate in stretch-

dependent regulation of excitability and contractility (Nelson,
1998).

Cl7 current has been shown to be an important regulator of
the electrophysiology of cardiac myocytes (Vandenberg et al.,
1997). Recently, a role has been suggested for stretch-sensitive

Cl7 conductances in the regulation of membrane potential and
tone of vascular smooth muscle (Nelson et al., 1997). DIDS
and indanyloxyacetic acid hyperpolarized and relaxed isolated
arterioles in a concentration-dependent manner, but ni¯umic

acid was without e�ect. These data suggest that a VSOR Cl7

conductance could contribute to the smooth muscle myogenic
response (Bayliss, 1902; BuÈ lbring, 1955; Harder, 1984;

Meininger & Davis, 1992). Due to the lack of speci®city of
Cl7 channel antagonists, however, the physiological relevance
of stretch-sensitive Cl7 conductances has been di�cult to

determine in smooth muscle (Doughty et al., 1998).
There are relatively few studies of Cl7 currents in visceral

smooth muscles (e.g., Akbarali & Giles, 1993; Sun et al., 1992),

and very little is known about the role of VSOR Cl7

conductances. The equilibrium potential for Cl7 (ECl) in
smooth muscle cells is approximately 725 mV (Aickin &
Brading, 1982). This is considerably less negative than the*Author for correspondence; E-mail: kent@physio.unr.edu
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resting membrane potential of gastrointestinal muscle and
even less negative than the peak of the electrical slow wave
(e.g., Smith et al., 1987). Thus, activation of Cl7 conductances

in gastrointestinal muscles would result in e�ux of Cl7 (net
inward current) and a tendency to depolarize gastrointestinal
muscle cells. The link between Cl7 e�ux and contractility is
that depolarization activates voltage-dependent Ca2+ channels

and initiates contraction of gastrointestinal muscles (Langton
et al., 1989; Ozaki et al., 1991; Ward & Sanders, 1992).

We have recently demonstrated the presence, biophysical

properties, and some of the regulatory mechanisms of a VSOR
Cl7 conductance in smooth muscle cells isolated from the
circular layer of the canine colon (Dick et al., 1998). Hypotonic

solutions activated an outwardly rectifying Cl7 current that
demonstrated voltage-dependent inactivation. Tamoxifen,
DIDS, and extracellular ATP inhibited the current, and the

current was regulated by protein kinase C (Dick et al., 1998).
These characteristics mimic the cardiac swelling-activated Cl7

current attributed to ClC-3 gene expression in guinea pig
ventricular muscle (Duan et al., 1997a,b; 1999). ClC-3 gene

transcripts were detected in isolated colonic myocytes by the
reverse transcriptase polymerase chain reaction (Dick et al.,
1998). Thus, it is possible that at least a portion of the VSOR

Cl7 current in gastrointestinal muscles is due to functional
expression of ClC-3. In the present study we have further
characterized the VSOR Cl7 conductance in canine colonic

myocytes by constructing pharmacological pro®les of drugs
that block the current. We have also tested the e�ects of VSOR
Cl7 current blockers on L-type Ca2+ and delayed rectifer K+

channels to determine whether these agents could be used to
investigate the role of VSOR Cl7 in smooth muscles with
assays of electrical or contractile activity. This information is
important because it may facilitate the rational design of

experiments to investigate the physiological and pathophysio-
logical roles of VSOR Cl7 currents in smooth muscles.

Methods

Tissue collection and cell preparation

The care and use of animals followed the recommendations
and guidelines of the National Institutes of Health and were

approved by the University of Nevada Animal Care and Use
Committee. Mongrel dogs of either sex were anaesthetized
with 20 mg kg71 ketamine and 55 mg kg71 nembutol and the

abdomen opened. The proximal colon was removed and
placed in Krebs bu�er that contained (in mM) NaCl 125, KCl
5.9, CaCl2 2.5, MgCl2 1.2, NaHCO3 15.5, Na2HPO4 1.2,

glucose 11.5, pH maintained at 7.4 by bubbling with 95% O2

and 5% CO2. Salts for Krebs and other solutions were
purchased from Sigma Chemical Co. (St. Louis, Missouri) and

Fisher Scienti®c (Fairlawn, New Jersey).
Strips of colon were cut and pinned in a dissection dish. The

circular tunica muscularis, separated from the longitudinal
layer, was dissected free of the surrounding mucosa and

connective tissue. Strips of bulk circular muscle were minced
with scissors in Ca2+-free Hank's solution. This solution
contained (in mM) NaCl 125, KCl 5.36, NaHCO3 15.5,

Naz2HPO4 0.336, KH2PO4 0.44, glucose 10, sucrose 2.9,
HEPES (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulphonic
acid]) 11, pH adjusted to 7.4 with NaOH. Minced tissue was

then placed in Ca2+-free Hank's that contained 345 units ml71

collagenase (Worthington Biochemical Corp.; Freehold, New
Jersey, U.S.A.), 2 mg ml71 soybean trypsin inhibitor (Sigma),
2 mg ml71 fatty acid-free albumin (Sigma), and 0.5 mg ml71

ATP (Sigma). Tissue pieces were stirred gently for 30 min at
378C. Enzymes were washed out with Ca2+-free Hank's and
then tissue pieces were passed repeatedly through the tip of a

®re-polished Pasteur pipette to create cell suspensions.
Minimal essential media (Sigma) was added to the cell
suspension (50%; v v71), that was then stored at 48C and
used within 8 h.

Measurement of VSOR Cl7 currents

Drops of cell suspension were placed on a glass coverslip that
formed the bottom of a recording chamber mounted on the
stage of an inverted microscope. Cells were allowed approxi-

mately 10 min to adhere to the coverslip and then solutions
were su�used over them and aspirated by vacuum. The volume
of solution ¯owing over the cells per min was ten times greater

than volume of the chamber. The bath solution contained (in
mM) NaCl 125, CsCl 5, MgCl2 1.2, CaCl2 2, HEPES 10, TRIS
base (tris[hydroxymethyl]aminomethane) 5, glucose 10; and
adjusted to pH to 7.4 with NaOH. Osmolarity of this solution

was tested with a freezing point depression osmometer and
adjusted to 300 milliosmoles l71 with mannitol.

Single myocytes were approached with ®re-polished patch

pipettes fabricated from borosilicate glass with inner and outer
diameters of 1.17 and 1.50 mm, respectively (Sutter Instru-
ments Co., Novato, California, U.S.A.). The pipettes had tip

resistances of 2 ± 4 MO when ®lled with solution that
contained (in mM) TEA (tetraethylammonium) chloride 100,
HEPES 10, EGTA (ethylene glycol-bis [b-aminoethyl ether]

N,N,N',N'-tetraacetic acid) 2, Mg-ATP 5, Na2GTP 1,
phosphocreatine 2.5; and to pH to 7.1 with TEA hydroxide.
The osmolarity of the pipette solution was adjusted to 300
milliosmoles l71 by adding mannitol. After a `giga-seal' was

formed, the cell membrane was ruptured and the whole-cell
recording technique used. Cells were then exposed to a
hypotonic solution having the same composition as the normal

bath solution, except that NaCl was reduced to 100 mM and
osmolarity was adjusted to 250 milliosmoles l71 with mannitol.

An AXOPATCH-1D ampli®er and CV-4 headstage were

used to record Cl7 currents (Axon Instruments, Inc., Foster
City, California, U.S.A.). The patch clamp ampli®er was
interfaced with an IBM-compatible 80586 computer by a Lab
Master analog-to-digital converter (Scienti®c Solutions, Inc.,

Solon, Ohio, U.S.A.). VSOR Cl7 currents were sampled at
4 kHz and ®ltered (Bessel-type, lowpass) at 1 kHz. Data were
acquired and analysed with pCLAMP software (Clampex and

Clamp®t, versions 5.5.1 and 6.0, Axon). Pipette capacitance
was nulli®ed by the compensation circuitry of the ampli®er in
the cell-attached mode (i.e., prior to rupturing the membrane).

No other attempt was made to adjust for whole-cell
capacitance or series resistance. Cl7 currents were measured
at room temperature (22 ± 258C). DMSO was used to dissolve

each organic inhibitor except tamoxifen, which was dissolved
in ethanol. Solvents did not have any signi®cant inhibitory
e�ect on VSOR Cl7 current (71+4%, n=5 and 9+3%,
n=4, for ethanol and DMSO respectively at a dilution of

1 : 1000).

Measurement of L-type Ca2+ and delayed recti®er K+

currents

Techniques similar to those described above were used;

however, some important di�erences require mentioning. An
AXOPATCH 200B ampli®er and CV203B headstage (Axon)
were also used. The amphotericin-perforated patch clamp
technique was used to record Ca2+ currents. The bath solution
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for these experiments contained (in mM) NaCl 125, CaCl2 2,
MgCl2 1.2, TEA chloride 10, glucose 10, HEPES 10, TRIS 5;
pH adjusted to 7.4 with NaOH. The pipette solution contained

(in mM) CsOH 120, aspartate 120, CsCl 20, HEPES 10, EGTA
0.1; and adjusted to pH 7.1 with CsOH. Amphotericin B
(250 mg ml71, Sigma) was added to the pipette solution to
perforate the cell membrane and allow electrical access. Cells

were held at760 mV and stepped to 755 mV for 20 ms every
10 s to monitor access development, which took approxi-
mately 10 ± 15 min to develop fully. Ca2+ currents were

measured at room temperature (22 ± 258C).
Delayed recti®er K+ currents were measured in the whole-

cell dialyzed con®guration of the patch clamp technique with

the AXOPATCH 1-D and the CV-4 headstage. The following
solutions were used. Intracellular solution contained (in mM)
KCl 115, K-gluconate 20, Mg-ATP 5, creatine phosphate 2.5,

Na2GTP 0.1, HEPES 10, EGTA 0.1; adjusted to pH 7.1 with
KOH. The extracellular solution contained (in mM) NaCl 135,
KCl 5, MnCl2 2, MgCl2 1.2, glucose 10, HEPES 10, TRIS 5;
and adjusted to pH to 7.4 with NaOH. An additional internal

solution was used to isolate delayed recti®er current that
contained 10 mM BAPTA (1,2-bis[2-aminophenoxy]ethane-
N,N,N',N'-tetraacetic acid) as a Ca2+ chelator.

Statistical analyses and data presentation

Results are shown as individual current traces and/or group
data expressed as the mean+standard error of n number of
cells. Sigmoid concentration-response curves, cubic splines,

and linear regressions were generated with Prism software
(version 2.01, GraphPad Software, Inc., San Diego, California,
U.S.A.). Statistical analyses were performed with SigmaStat
software (version 2.0, Jandel Corp., San Rafael, California,

U.S.A.). Unpaired t-tests, paired t-tests, and analysis of
variance (with post-hoc analysis) were performed as appro-
priate and values of P50.05 were considered signi®cant.

Statistical comparisons are explained in the text or ®gure
legends.

Results

VSOR Cl7 current in colonic myocytes

The whole-cell dialyzed mode of the patch clamp technique
was used to measure VSOR Cl7 currents before and after

osmotic swelling. An outwardly rectifying current was
observed when cells were studied in isotonic solution (Figure
1Aa). While the current was time-independent in the

physiological range of membrane potentials, voltage-depen-
dent inactivation was observed at test potentials positive to
+40 mV (Jackson & Strange, 1995; Levitan & Garber, 1997;

Voets et al., 1997). Exposing cells to hypotonic solution
increased current magnitude (Figure 1Ab). Subtracting the
current in isotonic solution from that in hypotonic solution
yielded a di�erence current representing the swelling-activated

current (Figure 1Ac). This di�erence current reversed at
714+1 mV (n=5), near the calculated Nernst equilibrium
potential for Cl7 of 78 mV (inset of Figure 1B). The

membrane capacitance of these 5 cells was 76+4 pF; there-
fore, current density was 7.7+1.5 and 36.8+5.4 pA/pF at
+120 mV in isotonic and hypotonic solution, respectively

(P50.005 by paired t-test). Whole-cell conductance in the
physiological range of membrane potentials (780 to720 mV)
was estimated to be 0.9+0.2 and 4.5+0.7 nS in isotonic and
hypotonic solution, respectively (n=5; P50.005 by paired t-

test). The whole-cell di�erence current of these ®ve cells was
outwardly rectifying, as dividing the absolute current
magnitude at +120 mV by that at 7120 mV yielded a ratio

of 6.4+0.7. The recti®cation ratios in isotonic and hypotonic
solution were not signi®cantly di�erent (5.8+0.7 vs 6.3+0.5;
paired t-test; n=5).

VSOR current was Cl7-dependent, as replacing extra-

cellular Cl7 with equimolar gluconate decreased the
magnitude of the current (Figure 2A) and shifted the reversal
potential to more positive values (Figure 2B). Speci®cally,

gluconate substitution decreased outward current at
+120 mV from 2490+170 pA to 594+51 pA. In the same
three cells, the reversal potential shifted from 79+3 mV in

111 mM Cl7 to 35+11 mV in 36 mM Cl7 and 75 mM

gluconate. The permeability for gluconate was 38+3% of
that for Cl7, as calculated from the Goldman ±Hodgkin ±

Katz equation using the change in reversal potential. Further,
the reversal potential varied directly with the log of the
extracellular Cl7 concentration (Figure 2C), suggesting the
current activated by hypotonic solution was carried largely by

Cl7 under these conditions. Liquid junction potentials

Figure 1 Whole-cell current elicited by hypotonic solution. Panel
(A) contains representative traces of whole-cell current under isotonic
(a) and hypotonic (b) conditions. The cell was held at 740 mV and
stepped for 400 ms to voltages from 7120 mV to +120 mV in
10 mV increments with a 5 s pause between steps. The di�erence
current, i.e. current activated by hypotonic solution (b7a), is shown
in c. The current activated by hypotonic solution was outwardly
rectifying, and it inactivated at potentials positive to +40 mV. The
I ±V relationships of the whole-cell currents in isotonic and
hypotonic solutions are shown in panel (B) (n=5). The inset contains
the I ±V relationship of the di�erence currents.
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(510 mV) elicited by anion substitution were considered and
corrected during data analysis. There was good agreement
between the calculated and measured liquid junction

potentials using a free-¯owing 3 M KCl electrode with the
ampli®er in current-clamp mode.

E�ects of Cl7 channel antagonists on VSOR Cl7

currents

Many Cl7 conductances are sensitive to 9-AC, especially

Ca2+-activated Cl7 channels (Large & Wang, 1996). 9-AC
weakly inhibited the VSOR Cl7 current in a concentration-
dependent manner (Figure 3A). Maximum inhibition at +120

and 7120 mV was 22+8 and 22+9%, respectively (Figure
3C). There was no signi®cant di�erence in the inhibition
caused by 9-AC at positive and negative test potentials and,
thus, there was no di�erence in the recti®cation ratio (Figure

3D). The e�ect of 9-AC was signi®cant for the voltage
extremes at 10 and 100 mM (P50.001 by one-way repeated
measures ANOVA; di�erence determined by Tukey post-hoc

analysis).

Like 9-AC, ni¯umic acid is a known antagonist of Ca2+-
activated Cl7 channels, which are found in many types of
smooth muscles (Large & Wang, 1996). Ni¯umic acid

concentrations from 0.l to 100 mM had no signi®cant e�ect
on the VSOR Cl7 current (Figure 4A ±C). The e�ect of
100 mM ni¯umic acid (11+2% reduction; n=3) was not
signi®cantly di�erent than the e�ect of DMSO. VSOR Cl7

currents were recorded in the presence of 1 mM nicardipine
to block L-type Ca2+ currents that could potentially
contaminate recordings of VSOR Cl7 currents at 0 mV.

Thus, there appears to be little, if any, direct dependence of
VSOR Cl7 current on Ca2+ in¯ux through L-type channels.
These data are consistent with our previous ®ndings in

which the VSOR Cl7 current was elicited in canine colonic
myocytes with 2 mM EGTA in the pipette, with nicardipine
(10 mM) in the bath, and in the absence of extracellular
Ca2+. Taken together, the data suggest that VSOR Cl7

current is not mediated by a Ca2+-activated Cl7 con-
ductance (Dick et al., 1998).

Glibenclamide, an antagonist of ATP-dependent K+

channels (Noma, 1983), has been reported to inhibit VSOR

Figure 2 Whole-cell current depends upon the Cl7 gradient. Representative current traces demonstrating Cl7-dependence are
shown in panel (A). The cell was held at 740 mV and stepped from 7120 mV to +120 mV in 40 mV steps in 5 s intervals.
Hypotonic solution activated a whole-cell current, the magnitude of which decreased when extracellular NaCl was replaced with
equimolar sodium gluconate. Panel (B) demonstrates the shift in the reversal potential and magnitude of the `tail' current as a
function of Cl7 gradient, measured after stepping the membrane to +120 mV for 400 ms and then to the indicated potential. Panel
(C) is a plot of `tail' current reversal potential versus the extracellular Cl7 concentration. The dotted line indicates the relationship
predicted by the Nernst equation for Cl7.
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Cl7 currents in a voltage-dependent manner in guinea-pig
ventricular myocytes (IC50 ranged from 193 ± 470 mM; Yama-

zaki & Hume, 1997) and atrial myocytes (IC50 of 60 mM;
Sakaguchi et al., 1997). The e�ect of glibenclamide on the
VSOR Cl7 channel of smooth muscle is unknown. We found

that glibenclamide was largely without e�ect upon VSOR Cl7

current of colonic myocytes (Figure 4D and E). The small
inhibitory e�ect of 100 mM glibenclamide was, however,
signi®cantly di�erent than the e�ect of 0.1% DMSO

(P=0.001 by unpaired t-test).
Two stilbene derivatives, DIDS and SITS, were tested for

their e�ects on the VSOR Cl7 current (Figures 5 and 6).

DIDS inhibited current at +120 mV with an apparent IC50

of 0.84 mM and a Hill coe�cient of 0.74 (n=6). Outward
currents, elicited positive to 0 mV, were more sensitive to

DIDS than inward currents (Figure 5B and C), suggesting
voltage-dependent block of the VSOR Cl7 current. The IC50

and Hill coe�cient for DIDS at 7120 mV were 11 mM and
0.34, respectively. The dependence of the block by DIDS on

voltage was re¯ected in the concentration-dependent change
in the recti®cation ratio (Figure 5D). The e�ect of DIDS was
not readily reversible (data not shown). SITS was far less

potent as an inhibitor of the VSOR Cl7 current than DIDS

(Figure 6). The IC50 and Hill coe�cient for SITS at
+120 mV were 226 and 0.57 mM, respectively (n=5). Out-

ward current was more sensitive to antagonism by SITS than
the inward current, as shown by the change in the
recti®cation ratio (Figure 6C). The IC50 and Hill coe�cient

for SITS at 7120 mV were incalculable due to the small
inhibitory e�ect.

Tamoxifen, an oestrogen receptor antagonist, also blocked
the VSOR Cl7 current (Figure 7). Like DIDS and SITS,

tamoxifen altered the recti®cation ratio, indicating voltage-
dependent block of VSOR Cl7 current (Figure 7D).
Tamoxifen, at +120 mV, inhibited VSOR Cl7 with an IC50

and Hill coe�cient of 0.57 mM and 1.18, respectively (n=5).
The IC50 and Hill coe�cient for tamoxifen at 7120 mV were
0.90 mM and 1.18, respectively. In a minority of cells, the

inhibitory e�ect of tamoxifen was very slowly reversible (data
not shown).

E�ects of multivalent cations on VSOR Cl7 currents

Multivalent cations have been demonstrated previously to
inhibit the hyperpolarization- and Ca2+-activated Cl7 currents

of Xenopus oocytes (Tokimasa & North, 1996); therefore, we

Figure 3 9-AC weakly inhibits VSOR Cl7 current. Currents from a representative cell before (panel Ab) and after the application
of 9-AC (panel Ac ±Af) are shown. Panel (Aa) shows current recorded in isotonic solution, and panel (Ab) shows the activation of
VSOR Cl7 current in hypotonic solution. The lower traces show di�erence currents obtained by subtracting responses from the
current in panel (Ab). The cell was held at 740 mV and stepped from 7120 mV to +120 mV in 40 mV increments. 9-AC weakly
inhibited VSOR Cl7 current in a concentration-dependent manner (panel B). Asterisks indicate signi®cant di�erences from control
(labelled `C' by one-way repeated measures ANOVA and Tukey post-hoc analysis). Inward and outward current were inhibited
equally (panel C); therefore, the recti®cation ratio was unchanged by 9-AC (panel D). Data in panels (B ±D) are the
mean+s.e.mean from eight cells.

Anion channel pharmacology 1823G.M. Dick et al



tested the e�ect of Gd3+ and La3+ on VSOR Cl7 current in
canine colonic myocytes (Figures 8 and 9). Gd3+ inhibited
VSOR Cl7 current with an estimated IC50 of 23 mM and Hill

coe�cient of 0.64 (n=8). The block by Gd3+ appeared largely
independent of voltage, as the recti®cation ratio was decreased
only at 100 mM Gd3+ (P50.001 by one-way repeated measures

ANOVA with the di�erence indicated by Tukey post-hoc
analysis). Thus, outward current was inhibited more potently
than inward current at the highest concentration. As reported

for the Cl7 channels of Xenopus oocytes (Tokimasa & North,
1996), we also observed that the inhibitory e�ect of Gd3+ was
only partially reversible. After application of 100 mM Gd3+ to

three cells, the current at +120 mV recovered only 52+8%
after washing out the cation for 20 min. La3+ also inhibited
VSOR Cl7 current concentration-dependently, but less
potently (Figure 9). The inhibitory e�ect of 100 mM Gd3+ was

signi®cantly greater than equimolar La3+ (P50.01 by
unpaired Student's t-test). La3+, in contrast to Gd3+, had no
signi®cant e�ect upon the recti®cation ratio. Thus, La3+, at the

concentrations tested, inhibited inward and outward current
equally.

Antagonists of VSOR Cl7 currents also block Ca2+ and
K+ currents

In order to use blockers of VSOR Cl7 currents for tests of the
role of this conductance in intact muscles, it is important to
determine non-speci®c e�ects of these compounds on other
conductances. We tested the speci®city of tamoxifen, Gd3+,

and DIDS by examining the e�ects of these agents on L-type
Ca2+ and delayed recti®er K+ current because some Cl7

channel antagonists inhibit voltage-dependent conductances in

vascular smooth muscles (Doughty et al., 1998). In colonic

myocytes the voltage-dependent Ca2+ channels are `L-type'
based on molecular identi®cation (Rich et al., 1993) and
pharmacology (Langton et al., 1989; Rich et al., 1993). These

channels are more permeable to Ba2+ than Ca2+ and blocked
by nifedipine. We used the amphotericin-perforated patch
clamp technique to prevent `run-down' of the Ca2+ current.

Cells were held at 780 mV and stepped to 0 mV every 15 s.
Tamoxifen inhibited peak Ca2+ current in a concentration-
dependent manner, as shown in Figure 10A±C. Gd3+ (10 mM)

inhibited Ca2+ current 93+8% (n=3; Figure 10D). DIDS was
the least non-speci®c of the VSOR Cl7 channel antagonists
tested (Figure 10E and F), as the inhibition of Ca2+ current

elicited by 10 mM DIDS was signi®cantly less than that caused
by 10 mM tamoxifen (P50.01 by unpaired t-test). We did not
test the e�ects of ni¯umic acid, 9-AC, SITS, glibenclamide, or
La3+ because these agents were poor inhibitors of the VSOR

Cl7 current.
To test the e�ects of VSOR Cl7 current antagonists on

delayed recti®er K+ current, myocytes were dialyzed with

135 mM K+ and 0.1 mM EGTA (bu�ering intracellular Ca2+

to approximately 100 nM), and bathed in HEPES-bu�ered
solution in which equimolar Mn2+ replaced Ca2+. These

conditions moderately reduce Ca2+-activated K+ channel
current and emphasize delayed recti®er K+ current in these
cells (Carl, 1995). Cells were held at 780 mV and stepped to

0 mV or ramped from 780 mV to +80 mV. Ramp protocols
con®rmed that the outward current is composed of delayed
recti®er and Ca2+-activated K+ currents as previously
reported (Cole et al., 1989). Responses to ramp protocols

revealed an outward `hump' near 0 mV, that was previously
shown to be due to delayed recti®er K+ current, and Ca2+-
activated K+ currents, which were activated at more positive

potentials (Cole et al., 1989). In voltage step protocols, delayed

Figure 4 E�ect of ni¯umic acid and glibenclamide on VSOR Cl7 current. Ni¯umic acid was tested on three cells. Ni¯umic acid
had no e�ect on VSOR Cl7 current magnitude (panel A). Per cent inhibition by ni¯umic acid at the voltage extremes was not
signi®cant, even at the highest concentration (panel B). The recti®cation ratio was unchanged by ni¯umic acid (panel C). Control
values are labelled `C'. Glibenclamide had a small inhibitory e�ect on VSOR Cl7 current (n=5), and the recti®cation ratio was
decreased at the highest concentration tested. Asterisks indicate signi®cant di�erences from control by one-way repeated measures
ANOVA with Tukey post-hoc analysis.
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recti®er current appeared as a smooth, slowly-developing
outward current at potentials up to 0 mV. Tamoxifen (1 mM)
inhibited current at 0 mV by 72+5% (n=7), but a 10 fold

lower concentration was without signi®cant e�ect (75+7%;
n=7). In contrast, current at +80 mV was potentiated
151+27% by 1 mM tamoxifen (n=5). Unlike tamoxifen, 1

Figure 5 Inhibition of VSOR Cl7 current by DIDS. Panel (A) shows representative traces demonstrating the inhibitory e�ect of
DIDS. Current was elicited by holding at740 mV and stepping from7120 to +120 mV in 40 mV increments. Group data (n=6) for
the inhibitory e�ect of DIDS are shown in panels (B ±D). Asterisks indicate di�erences from control (labelled `C') by one-way repeated
measures ANOVA with Tukey post-hoc analysis. Per cent inhibition of the current by DIDS at the voltage extremes is plotted in panel
(C). Cross symbols indicate di�erences between the per cent inhibition at +120 and 7120 mV by paired t-test. Due to di�erential
inhibition of the current at the voltage extremes, DIDS decreased the recti®cation ratio in a concentration-dependent manner (panel D).

Figure 6 Inhibition of VSOR Cl7 current by SITS. Group data (n=5) for the inhibitory e�ect of SITS are plotted in panels (A),
(B), and (C). Current magnitudes at +120 mV and 7120 mV are graphed in panel (A), where asterisks indicate di�erences from
control (labelled `C') by one-way repeated measures ANOVA with Tukey post-hoc analysis. Per cent inhibition of the current by
SITS at the voltage extremes is graphed in panel (B). Asterisks have the same meaning as in panel (A), while cross symbols indicate
di�erences between the two voltages by paired t-test. The e�ect of SITS on the recti®cation ratio is shown in panel (C).
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and 10 mM DIDS inhibited current at 0 mV by only 9+3 and

20+8%, respectively. The inhibitory e�ects of DIDS (1 mM)
on delayed recti®er K+ current were signi®cantly less than the
e�ects of tamoxifen at the same concentration (P50.001 by

unpaired t-test). DIDS was approximately one order of
magnitude less potent in inhibiting delayed recti®er current
than tamoxifen.

The identity of the tamoxifen- and DIDS-sensitive outward

current at 0 mV was con®rmed using 300 nM charybdotoxin.
To more carefully isolate delayed recti®er K+ current, cells
were dialyzed with 10 mM BAPTA and superfused with Ca2+-

free PSS to more strongly reduce intracellular Ca2+ and thus
the contribution of Ca2+-activated K+ channels. Cells were
also treated with 300 nM charybdotoxin to block Ca2+-

activated K+ current. With these steps taken to isolate delayed
recti®er K+ current, 1 mM tamoxifen inhibited current at 0 mV
by 38+8% (n=3). Similarly, under the recording conditions
designed to isolate delayed recti®er current, DIDS inhibited

current at 0 mV by 10+2% (n=3). Again, when delayed
recti®er K+ current was more carefully isolated, tamoxifen was
still shown to be a more potent inhibitor of this current than

DIDS.

Discussion

We have constructed a partial pharmacological pro®le for the
VSOR Cl7 current in canine colonic myocytes, a current that

may be due to expression of ClC-3 (Dick et al., 1998). It is
possible that the pharmacological pro®le outlined here could
be tissue speci®c; however, it is a point of reference from which
to start investigating physiological/pathophysiological roles of

VSOR Cl7 currents by techniques that require the use of intact
smooth muscle preparations. Exposing colonic smooth muscle
cells to hypotonic solution activated a VSOR Cl7 current. The

VSOR Cl7 current was largely insensitive to 9-AC and
ni¯umic acid (inhibitors of Ca2+-activated Cl7 channels) and
glibenclamide (an inhibitor of KATP and CFTR). DIDS, SITS,

tamoxifen, Gd3+, and La3+ blocked the VSOR Cl7 current,
with DIDS, tamoxifen, and Gd3+ being the most potent. The
rank order potency at +120 mV was tamoxifen5
DIDS44Gd3+ and tamoxifen4DIDS4Gd3+ at 7120 mV.

Inhibition of the VSOR Cl7 current by DIDS was more
voltage-dependent than that of tamoxifen or Gd2+. Neither
tamoxifen nor DIDS was highly speci®c for the VSOR Cl7

current. Both drugs inhibited L-type Ca2+ and delayed recti®er

Figure 7 Inhibition of VSOR Cl7 current by tamoxifen. Representative current traces in panel (A) illustrate the inhibitory e�ect of
tamoxifen on the VSOR Cl7 current. The cell was held at 740 mV and stepped from 7120 to +120 mV in 40 mV increments.
Current was inhibited by tamoxifen in a concentration-dependent manner. Group data (n=5) for the inhibitory e�ect of tamoxifen
are plotted in panels (B), (C), and (D). Current magnitudes at +120 mV and 7120 mV are graphed in panel (B), where asterisks
indicate di�erences from control (labelled `C') by one-way repeated measures ANOVA with Tukey post-hoc analysis. Per cent
inhibition of the current by tamoxifen at those voltages is shown in panel (C). Open and hatched bars represent data for +120 mV
and 7120 mV, respectively. Asterisks have the same meaning as in panel (B). The e�ect of tamoxifen on the recti®cation ratio is
shown in panel (D) and asterisks indicate signi®cant di�erences from control.
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K+ currents, as does Gd3+. It is important to note, however,
that DIDS was considerably less potent than tamoxifen in
inhibiting L-type Ca2+ and delayed recti®er K+ current. This

pharmacological agent might be useful in testing the role of
VSOR Cl7 currents in intact smooth muscles (e.g., with
microelectrode or isometric tension measurements). It might

Figure 8 Inhibition of VSOR Cl7 current by Gd3+. Panel (A) shows representative current traces demonstrating the inhibitory
e�ect of Gd3+ on VSOR Cl7 current. The cell was stepped from 7120 to +120 mV in 40 mV increments. The currents in isotonic
and hypotonic solutions with increasing concentrations of Gd3+ are shown. Gd3+ inhibited VSOR Cl7 current in a concentration-
dependent manner. Group data (n=8) for the e�ect of Gd3+ on current at +120 and 7120 mV are plotted in panel (B). Asterisks
indicate di�erences from control (labelled `C') by one-way repeated measures ANOVA with Tukey post-hoc analysis. Panel (C)
expresses the data in panel (B) as per cent inhibition (asterisks have the same meaning). Cross symbol in panel (B) indicates that
Gd3+ inhibited outward current more than inward current; therefore, explaining the change in the recti®cation properties (panel C).

Figure 9 Inhibition of VSOR Cl7 current by La3+. Group data (n=7) are plotted to illlustrate the inhibitory e�ect of La3+. La3+

signi®cantly inhibited current at 100 mM (panel A). Per cent inhibition was equivalent at positive and negative potentials (panel B);
therefore, the recti®cation ratio was unchanged (panel C). Asterisks indicate di�erences from control (labelled `C'), as detected by
one-way repeated measures ANOVA with Tukey post-hoc analysis.

Anion channel pharmacology 1827G.M. Dick et al



be di�cult to determine the role of the swelling-activated (or

volume- or stretch-sensitive) Cl7 conductance on mechanical
activity with the channel antagonists currently available,
because of the confounding e�ects of the inhibitors on other

voltage-gated conductances. Electrophysiologically, however,
it may be possible to study the role of the VSOR Cl7

conductance on resting potentials, where the open probabilities
of L-type Ca2+ and delayed recti®er K+ channels are low

(Ward & Sanders, 1992).
Ni¯umic acid and 9-AC, antagonists of Ca2+-activated Cl7

channels, had little e�ect on the VSOR Cl7 current in canine

colonic smooth muscle cells. Previously, we have shown that
the VSOR Cl7 current activated by hypotonicity in colonic
myocytes can be recorded in the absence of extracellular Ca2+,

in the presence of L-type Ca2+ channel antagonists, and when
the intracellular solution is bu�ered with 2 mM EGTA (Dick et
al., 1998). These data suggest that little or none of the VSOR

Cl7 current is due to the direct activation of a Ca2+-dependent
current. Glibenclamide, a well-known blocker of KATP (Noma,
1983), has also been shown to block CFTR Cl7 channels
(Sheppard & Welsh, 1992). High concentrations of glibencla-

mide have also been shown to reversibly inhibit the swelling-
activated Cl7 conductance of guinea-pig cardiac myocytes
(Sakaguchi et al., 1997; Yamazaki et al., 1997). In that

preparation, maximal (100%) inhibition of atrial swelling-

activated Cl7 current was achieved with 4500 mM glibencla-

mide, with an IC50 in the 100 mM range. In the present study we
found that glibenclamide had little e�ect upon the VSOR Cl7

current of canine colonic myocytes in the concentration range

of 0.1 to 100 mM.
The stilbene derivatives (DIDS and SITS) and tamoxifen,

inhibited the VSOR Cl7 but the e�cacy of these drugs di�ered
approximately four orders of magnitude. SITS was by far the

least potent of these three antagonists. DIDS and SITS were
more e�ective at inhibiting the outward portion of the current
than the inward current, suggesting the block by these agents

depends upon the voltage. With respect to the outward Cl7

current, tamoxifen and DIDS had nearly equivalent potency,
but the block by tamoxifen was less voltage-dependent than

that of DIDS, resulting in more inhibition of inward current.
Tamoxifen was more potent than DIDS for inhibiting inward
current and, it is, of course, the inward current (outward

movement of Cl7) that is physiologically important. However,
in this study cells were dialyzed with TEA and treated with
nicardipine to isolate the Cl7 current, emphasizing the e�ect of
antagonists on VSOR Cl7 current. It is important to

remember that a mixture of ionic conductances determines
the response of intact smooth muscle, and tamoxifen has much
more potent inhibitory e�ects upon L-type Ca2+ and delayed

recti®er K+ currents than does DIDS.

Figure 10 Tamoxifen and DIDS antagonize L-type Ca2+ current. The e�ect of tamoxifen to antagonize L-type Ca2+ current is
shown in panel (A) where current is plotted versus time. The myocyte was held at 780 mV and stepped to 0 mV (peak of the I ±V
relationship, data not shown). Tamoxifen inhibited Ca2+ current in a concentration-dependent and reversible manner.
Representative current tracings demonstrate the inhibitory e�ect of tamoxifen on L-type Ca2+ current (panel B). Group data
(n=5) for the inhibitory e�ect of tamoxifen on Ca2+ current are displayed in panel (C). Tamoxifen signi®cantly inhibited L-type
Ca2+ current at both 1 and 10 mM (by one-way repeated measures ANOVA with Tukey post-hoc analysis). An example of the
inhibitory e�ect of 10 mM Gd3+ on L-type Ca2+ current is shown in panel (D), where the same voltage step protocol shown in (B)
was used (see text for group data). DIDS inhibited L-type Ca2+ current less potently than either tamoxifen or Gd3+, as the example
in panel (E) demonstrates. Group data (n=4) are plotted in panel (F). DIDS signi®cantly inhibited L-type Ca2+ current at 10 and
100 mM (asterisks indicate di�erence from control by one-way repeated measures ANOVA). The inhibitory e�ect of 10 mM DIDS
was signi®cantly less than an equal concentration of tamoxifen or Gd3+ (indicated by cross; tested by one-way ANOVA).

Anion channel pharmacology1828 G.M. Dick et al



The multivalent cations, Gd3+ and La3+, had di�erent
e�ects on the VSOR Cl7 current in colonic myocytes: Gd3+

strongly inhibited VSOR Cl7 current, whereas La3+ did not.

The reason for the di�erent e�ects of these trivalent cations is
unclear, but the di�erence could prove useful in future
experiments. A major obstacle in studying the regulation of
swelling-activated Cl7 currents by agonists, neurotransmit-

ters, and 2nd messenger systems is the fact that cells are
normally dialyzed to control the intracellular anion composi-
tion. Cells could be studied with the amphotericin-perforated

patch technique and K+ currents reduced with Cs+-contain-
ing pipette solutions; however, hypotonic solution (Waniishi
et al., 1997) and membrane stretch (Davis et al., 1992; Kirber

et al., 1988) are known to activate non-selective cation
channels in some smooth muscle cells. Osmotic challenge also
appears to activate K+ channels in colonic smooth muscle

cells (Dick and Sanders, unpublished observation). Such a
mixture of currents would be di�cult to separate and
characterize. However, La3+ is a blocker of non-selective
cation channels and might be used to isolate the anion

current when added to the extracellular solution. None of the
pharmacological agents tested were speci®c in inhibiting
VSOR Cl7 channels. The non-speci®city of tamoxifen is

important because this anti-oestrogen compound is used in

the treatment of breast cancer. Side e�ects of tamoxifen
(which are numerous), therefore, could be related to the non-
speci®c actions of the compounds on various ion channels.

There may be other pharmacological agents that could
provide more speci®c block of VSOR Cl7 currents in smooth
muscles. For example, mibefradil, an antagonist of low-
threshold (T-type) Ca2+ channels, may be such a compound.

Mibefradil appears to inhibit the swelling-activated anion
currents of vascular endothelial cells (Nilius et al., 1997) as
potently as T-type Ca2+ channels of smooth muscle (Mishra

et al., 1994). Hopefully, new pharmacological agents will be
found that speci®cally antagonize volume-sensitive Cl7

channels. Such compounds would greatly facilitate studies of

the physiological role of VSOR Cl7 current in smooth muscle
function.

It is likely that the VSOR Cl7 current in colonic myocytes is

encoded by ClC-3, as the mRNA is present in isolated cells.
The pharmacology and properties of the VSOR Cl7

conductance in canine smooth muscle closely match the
properties of recombinant ClC-3 (Dick et al., 1998; Yamazaki

et al., 1998). Canine colonic myocytes may be an ideal model
to investigate the physiological role of VSOR Cl7 channels in
native cells because the pharmacological e�ects of anion

transport inhibitors can be determined without contamination

Figure 11 Tamoxifen and DIDS inhibit delayed recti®er K+ current. A set of representative current traces from a voltage ramp
protocol is shown in panel (A). The cell was held at 780 mV and ramped to +80 mV before and after the addition of 1 mM
tamoxifen. Tamoxifen decreased what appeared to be delayed recti®er K+ current, but increased outward current at more positive
potentials. Panels (B) and (C) contain group data (n=7) for the e�ect of tamoxifen on current at 0 mV (a voltage step protocol
identical to that in panel (D) was used). Asterisks indicate the signi®cant inhibitory e�ect of tamoxifen detected by one-way repeated
measures ANOVA. Panel (D) shows the inhibitory e�ect of DIDS on outward current at 0 mV in a representative cell. The cell was
held at 780 mV and stepped to 0 mV in 20 mV increments at 5 s intervals. DIDS attenuated current in a concentration-dependent
manner. Group data for the e�ect of DIDS on outward current at 0 mV are shown in panel (E) (asterisks indicate di�erence from
control; detected by one-way repeated measures ANOVA with Tukey post-hoc analysis). This inhibition, however, was weak
compared to tamoxifen. The cross symbol in panel (F) indicates that the inhibition of outward current at 0 mV by equal
concentrations of DIDS and tamoxifen are signi®cantly di�erent (unpaired t-test).
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from other Cl7 conductances, such as Ca2+-activated Cl7

channels. Further, canine colonic smooth muscle is a well-
established model and most of the conductances expressed in

them have been characterized. Speci®cally, large conductance
Ca2+-activated K+ (Carl & Sanders, 1989), delayed recti®er
K+ (Carl, 1995), and L-type Ca2+ channels (Langton et al.,
1989) are present and blockers of these conductances are

available. In conclusion, our ®ndings indicate that DIDS is the
least non-speci®c antagonist of VSOR Cl7 current in canine
colonic myocytes. Thus, at present, DIDS appears to be the

antagonist of choice for investigating the physiological role of
VSOR Cl7 channels in smooth muscle cells and tissues.

The expert preparation of canine colonic myocytes by Nancy
Horowitz, M.S. was appreciated. We are indebted to Dr James L
Kenyon for his advice on the theoretical and practical considera-
tions of dealing with liquid junction potentials. Financial support
for this work was provided by a grant from the National Institutes
of Health (DK41315).
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