
237

Abstract  Volume-sensitive outwardly rectifying anion channels (VSOACs) are 
expressed in pulmonary artery smooth muscle cells (PASMCs) and have been 
implicated in cell proliferation, growth, apoptosis and protection against oxidative 
stress. In this chapter, we review the properties of native VSOACs in PASMCs, 
and consider the evidence that ClC-3, a member of the ClC superfamily of volt-
age dependent Cl- channels, may be responsible for native VSOACs in PASMCs. 
Finally, we examine whether or not native VSOACs and heterologously expressed 
ClC-3 channels function as bona fide chloride channels or as chloride/proton 
antiporters.
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1 � Introduction

Volume-sensitive outwardly rectifying anion channels (VSOACs) are ubiquitously 
expressed in mammalian cells and play a vitally important physiological role in a 
variety of cellular functions, including cell volume homeostasis, proliferation, 
apoptosis, and the regulation of electrical activity.1 VSOACs have been implicated 
in a number of these functions in vascular smooth muscle cells (SMCs) as well. For 
example, the magnitude of VSOAC currents in actively growing SMCs is higher 
than in growth-arrested or differentiated SMCs, suggesting that VSOACs may be 
important for SMC proliferation.2 There is evidence that pressure-induced depolariza-
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tion and contraction of cerebral artery smooth muscle may be partially mediated by 
VSOACs.3

Although the exact identification of the proteins responsible for native VSOACs 
has proven to be elusive, the short isoform of ClC-3 (sClC-3), a member of the ClC 
superfamily of voltage-dependent chloride channels, has been proposed to be the 
molecular correlate of the native VSOAC in some cells, including cardiac myocytes 
and vascular SMCs.4,5 This hypothesis has been corroborated by a series of other 
independent studies from different laboratories.6–11 Despite these data, the role of 
ClC-3 as a constituent of native VSOACs remains controversial.12–14 Much of this 
controversy comes from results reported from the first transgenic ClC-3 global 
knockout (ClCn3–/–) mouse produced by Jentsch and coworkers.15 They reported the 
apparent presence of native VSOACs in at least two different cell types from ClCn3–/– 
mice. However, later experiments using global ClCn3–/– transgenic mice revealed 
that the properties of native VSOACs were actually altered in heart, and there 
appeared to be significant compensatory changes in expression of a variety of other 
membrane proteins (including upregulation of two other members of the ClC chlo-
ride channel family), raising fundamental questions about the usefulness of the 
global ClCn3–/– mouse model to assess ClC-3 function.16 It has been demonstrated 
that transgenic mice with cardiac-specific overexpression of the human short ClC-3 
(hsClC-3) isoform exhibit enhanced VSOAC currents and accelerated regulatory 
volume decreases,17 which is consistent with a molecular role for sClC-3 in native 
VSOAC function.

It has been demonstrated that ClC-3 is expressed in human aortic SMCs18 and 
pulmonary artery SMCs (PASMCs).5 It was demonstrated that antisense oligonu-
cleotide-mediated downregulation of ClC-3 dramatically inhibits cell proliferation 
of rat aortic SMCs.19 The ClCn-3 gene appears to be upregulated in rat pulmonary 
artery and heart in response to monocrotaline-induced pulmonary hypertension and 
in canine cultured PASMCs incubated with inflammatory mediators. PASMCs 
infected to overexpress ClC-3 exhibited enhanced viability against H

2
O

2
, thus sug-

gesting that ClC-3 may improve the resistance of VSMCs to reactive oxygen spe-
cies (ROS) in an environment of elevated inflammatory cytokines in hypertensive 
pulmonary arteries.20 These and other studies suggested that activation of ClC-3 
channels may indeed play a role in proliferation, growth, volume regulation, and 
apoptosis of vascular SMCs (see Ref. 21 for review).

2 � Properties of Native VSOACs in PASMCs

Quantitative reverse-transcription polymerase chain reaction (RT-PCR) has been 
used to test for molecular expression of ClC-3 in canine pulmonary smooth muscle. 
Primers were designed to be specific for ClC-3 and do not cross hybridize to other 
members of the ClC gene family. The competitive “mimic” strategy of quantitative 
PCR was employed.12 As shown in Fig. 15.1a, quantitative RT-PCR detected signifi-
cant levels of ClC-3 transcriptional expression from pulmonary arteries. The figure 
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illustrates a representative gel used in digital analysis and comparison of mimic and 
ClC-3 amplification. Digital analysis and comparison of mimic and ClC-3-specific 
amplification products was performed on the 10–4 dilution of mimic DNA and was 
repeated on three independently generated samples. ClC-3 expression was 48.0% of 
b-actin in pulmonary artery. Figure 15.1b, c illustrate the activation of native 
VSOACs in canine PASMCs by exposure to hypotonic (230 mOsm) extracellular 
solutions. Exposure to a hypotonic solution causes cells to swell, which results in the 
delayed activation of VSOACs. Membrane currents at –100 and +100 mV were 
almost negligible in the isotonic solution but began to increase following a delay of 
some 3–4 min after changing to the hypotonic solution. Figure 15.1b shows raw 

Fig. 15.1  ClC-3 expression and native VSOACs in canine PASMCs. (a) Representative gel of 
quantitative RT-PCR for ClC-3 in canine pulmonary arteries; competitive PCR products were 
resolved on 2% ethidium bromide agarose gels. Tenfold serial dilutions of mimic DNA were 
included in the PCRs, while target cDNA (ClC-3) concentration remained constant. The actual 
concentrations of target complementary DNA (cDNA) were calculated and expressed as percent 
of b-actin RNA concentration. (b) Raw VSOAC currents activated by hypotonic solutions during 
150-ms voltage steps from 0 mV to potentials ranging from –100 to 50 mV. The cell was first 
equilibrated with the isotonic solution and then exposed to the hypotonic solution. Activations of 
VSOACs were reversed by exposure to hypertonic solutions. (c) Current-voltage relations for 
volume-regulated currents in the isotonic, hypotonic, and hypertonic solutions with 115 mM [Cl–]

o
 

and 115 mM [Cl–]
i
 (n = 4). Modified with permission5
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current traces evoked by step pulses, which developed during exposure to hypotonic 
solution, and these were completely abolished by a 10-min perfusion with a hyper-
tonic solution. In these experiments, possible contamination by cation currents was 
prevented using impermeant cations and appropriate blockers. Figure 15.1c is a plot 
of the current–voltage relations obtained from several cells in solutions with differ-
ent osmolarities. In these experiments, both bath and pipet solutions contained 115 
mM Cl-, and the currents activated during exposure to hypotonic solution exhibited 
clear outward rectification. The reversal potential was approximately 0 mV, which 
is the predicted equilibrium potential for Cl- (0 mV). The hypotonically activated 
currents were reduced by subsequent exposure to hypertonic solutions at each 
membrane potential. Membrane currents activated by exposure to hypotonic 
solutions were also markedly inhibited by the stilbene compound DIDS 
(4,4¢-diisothiocyanatostilbene-2,2¢-disulphonic acid).

Figure 15.2 illustrates the effects of intracellular dialysis with an anti-ClC-3 
carboxyl terminus antibody (C

670–687
 Ab) on native VSOAC currents in PASMCs. 

Membrane currents were obtained by applying 100-ms step pulses to ±80 mV from 
a holding potential of –40 mV every 30 s. In Fig. 15.2a, b, the time courses of 
change in the amplitudes of membrane currents measured at ±80 mV are shown, 
and original current traces obtained at the time points indicated by small letters are 
depicted in the insets. In a cell dialyzed with 10 mg mL–1 C

670–687
 Ab for over 10 min, 

basal membrane currents gradually declined in isotonic bath solution. Subsequent 
hypotonic cell swelling failed to induce any increase of the current amplitude 
(Fig. 15.2a). To know whether the observed inhibitory effects of C

670–687
 Ab on  

VSOACs were due to specific binding, similar experiments were repeated with the 

Fig. 15.2  Inhibition of native VSOACs in canine PASMCs by anti-ClC-3 C
670–687

 Ab intracellular 
dialysis. Membrane currents were induced by repetitive 100-ms voltage steps to ±80 mV from a holding 
potential of –40 mV every 30 s. (a, b) Time courses of change in current amplitude measured at both 
–80 mV (filled circles) and +80 mV (open circles) in two representative cells intracellular dialyzed with 
either 10 mg mL–1 ClC-3 C

670–687
 Ab (a) or the antigen-preabsorbed C

670–687
 Ab (b). The bars underneath 

the current traces indicate different bath solutions. Original current recordings obtained at the time points 
indicated by small letters are shown in the corresponding insets. Modified with permission32
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antigen-preabsorbed C
670–687

 Ab. Figure 15.2b shows a representative experiment. 
In contrast to the effects observed with the C

670–687
 Ab alone, dialysis with 10 mg 

mL–1 antigen-preabsorbed C
670–687

 Ab for over 10 min did not prevent activation of  
VSOACs on hypotonic cell swelling. Subsequent exposure of the cell to hypertonic 
bath solution totally reversed the swelling-induced VSOAC currents.

3 � Anion Selectivity of Native VSOACs in PASMCs and sClC-3 
Heterologously Expressed in NIH/3T3 Cells

To examine Cl– dependence, the reversal potentials E
rev

 for the volume-sensitive 
currents were measured using either voltage steps or ramps in hypotonic solutions 
containing six different concentrations of external Cl– ([Cl–]

o
), replaced with aspartate. 

As shown in Fig. 15.3a, reducing [Cl–]
o
 from 115 to 28 and 9 mM shifted E

rev
 rightward, 

indicating a strong Cl– dependence of the volume-sensitive conductance. The inset 
shows the relationship between [Cl–]

o
 and E

rev
 of the volume-sensitive conductance 

obtained from a number of pulmonary cells. The straight line represents a theo-
retical slope of 57 mV per tenfold decrease in [Cl–]

o
, which is predicted from the 

Nernst equation assuming that Cl– is the only permeable ion. The slope of the rela-
tionship measured experimentally closely followed the predicted slope of 57 mV 
per tenfold change in [Cl–]

o
 for changes in [Cl–]

o
 greater than 40 mM but deviated 

Fig. 15.3  Effect of [Cl–]
o
 (a) and anion substitution (b) on current-voltage relations of VSOAC 

currents elicited in canine pulmonary arterial smooth muscle cells by voltage steps or ramps. (a) 
The pipet solution contained 24 mM Cl– (n = 5). Inset, relation between the reversal potential (E

rev
) 

and [Cl–]
o
. Each circle indicates the mean value of E

rev
 with standard errors of the means (SEM) 

from N observations indicated in the parentheses. The straight line indicates the theoretical slope 
of 57 mV per tenfold decrease in [Cl–]

o
, which is predicted from the Nernst equation. (b) NaCl 

(115 mM) in the bath solution was entirely replaced with the same concentration of NaI, NaBr, 
NaSCN, or Na aspartate. The pipet solution contained 115 mM Cl–. Modified with permission5
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from the predicted slope at [Cl–]
o
 less than 40 mM, suggesting that the replacement 

anion, Asp–, may exhibit some limited permeability through these channels.
Relative anion selectivity was determined by total replacement of Cl– with other 

anions in the hypotonic solutions. Figure 15.3b shows typical hypotonically activated 
membrane currents elicited in a pulmonary cell by voltage ramps applied in the pres-
ence of different extracellular anions. I– appeared to be slightly more permeable, 
compared to Br–, which was more permeable than Cl– in this example. Likewise, 
SCN– appeared to be more permeable compared to Cl–, which was more permeable 
than aspartate–. The mean data accumulated from a group of cells gave E

rev
 values (in 

mV) of –8.29 ± 0.92 (n = 7), –4.67 ± 1.49 (n = 12), –3.30 ± 1.16 (n = 10), 0.46 ± 1.01 
(n = 13) and 12.40 ± 1.69 (n = 5) for SCN–, I–, Br–, Cl– and aspartate–, respectively. 
Accordingly, the relative permeability for each anion (X–) to Cl– 

X Cl
( / )P P− −  was 

estimated using the Goldman-Hodgkin-Katz equation. The sequence of 
X Cl

( / )P P− −  
was SCN– (1.36 ± 0.06) > I– (1.19 ± 0.06) > Br– (1.09 ± 0.04) > Cl– (1.00) > aspartate– 
(0.63 ± 0.05). These data indicate that these membrane currents activated by hypo-
tonic cell swelling in PASMCs can be identified as VSOACs.

sClC-3 has been successfully expressed in NIH/3T3 cells4 and in A10 vascular 
SMCs.11 In both cell types, sClC-3 transfection gives rise to larger volume-sensitive 
Cl– currents, compared to untransfected cells, with properties resembling those of 
native VSOACs. VSOACs in A10 sClC-3-transfected cells are completely abol-
ished by intracellular dialysis of an anti-ClC-3 antibody and by ClC-3 antisense 
oligonucleotides.

We have examined the relative anion selectivity of expressed sClC-3 currents in 
NIH/3T3 cells to determine if it is similar to the anion permeability properties of 
native VSOACs in canine PASMCs (cf. Fig. 15.3). The results of these experiments 
are summarized in Table 15.1. To measure relative whole-cell anion permeability, 
external NaCl was replaced by the sodium salt of various anions. Reversal poten-
tials were measured for each Cl– substitute (X) and the relative shifts in reversal 
potential (E

X
 - E

Cl
) were used to calculate the relative permeability ratio (P

X
/P

Cl
) for 

each anion. The relative anion permeability (P
X
/P

Cl
) of expressed sClC-3 currents 

activated by hypotonic cell swelling was SCN–(1.50) > I–(1.34) > NO
3

–(1.27) > 
Br–(1.15) > Cl–(1.00) > F–(0.57) > isethionate(0.25) > gluconate(0.09). These 

Table 15.1  Relative anion selectivity of sClC-3 channels 
expressed in NIH 3T3 cells

Anions E
X
 – E

Cl
P

X
/P

Cl
n

SCN– –9.30 ± 2.03 1.50 ± 0.14 5
I– –6.89 ± 0.86 1.34 ± 0.05 5
NO

3
– –5.50 ± 1.22 1.27 ± 0.07 5

Br– –3.36 ± 0.42 1.15 ± 0.02 5
Cl– 0 1.0
F– 13.03 ± 0.99 0.57 ± 0.02 5
Isethionate 32.27 ± 4.29 0.25 ± 0.05 5
Gluconate 49.61 ± 4.15 0.09 ± 0.02 5
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results demonstrate that sClC-3 channels exhibit a lyotropic anion permeability 
similar to native VSOACs in PASMCs and most mammalian cells.1

4 � Do Native VSOACs in PASMCs and Heterologously 
Expressed sClC-3 Behave as Chloride/Proton Antiporters?

The molecular structure of the ClC family of voltage-gated proteins has been determined 
by X-ray crystallography of the bacterial homologue EcClC.22, 23 EcClC is a homodi-
mer with each subunit consisting of 18 a-helical transmembrane-spanning domains 
and a cytoplasmic domain containing two cystathionine b-synthetase (CBS) subdomains.  
A selectivity filter has been identified that contains three selective anion-binding 
sites.24 Surprisingly, a study25 demonstrated that the bacterial homologue EcClC 
functions as an H+–Cl–-exchange transporter, not as an ion channel. This was con-
vincingly demonstrated since membrane currents associated with EcClC are rela-
tively voltage independent and changes in proton gradients produced easily 
measurable shifts in current reversal potential, as predicted for an exchange trans-
port mechanism. Efforts have been made to extend these results to the mammalian 
family of ClC Cl– channels. Conservation of a putative “proton” glutamate (Glu-
203) in the selectivity region between EcClC and the mammalian homologues 
ClC-3–ClC-7 has suggested the possibility that these proteins may also function as 
proton exchange transporters.26 The major evidence for this proposal is indirect and 
comes from studies heterologously expressing ClC-4 and ClC-5. The difficulty is 
that expressed ClC-4 and ClC-5 currents exhibit strong outward rectification, mak-
ing it impossible to measure reversal potentials or shifts in reversal potentials with 
changes in extracellular anion or proton concentrations. As an alternative approach, 
changes in intracellular pH were measured in ClC-4- and ClC-5-transfected 
tsA201 cells27 or changes in extracellular pH in ClC-4- and ClC-5-transfected 
oocytes28 to monitor proton fluxes attributable to electrogenic Cl–/H+ exchange.

We have examined whether native VSOACs in cultured canine PASMCs behave 
as Cl– channels or as Cl–/H+ antiporters. As shown in Fig. 15.4a, VSOAC currents 
activated by hypotonic cell swelling in canine PASMCs were strongly inhibited at 
both positive and negative membrane potentials when the extracellular hypotonic 
solution pH was changed from 7.3 to 4.5. Raw traces of VSOAC currents recorded 
over the voltage range –100 to +100 mV are illustrated in Fig. 15.4b, c. Figure 15.4d 
shows the current-voltage relationships of VSOACs recorded in the presence of 
hypotonic (pH 7.3) solutions and hypotonic (pH 4.5) solutions for a number of 
cells. Both inward and outward VSOAC currents were inhibited by extracellular 
acidification; significantly, there was no observed change in membrane current 
reversal potential.

If the transport mechanism involves Cl–/H+ exchange, the membrane current 
reversal potential V

r
 is defined by the following equation25:

r Cl H( ) / (1 )V E rE r= + +
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where E
Cl

 is the equilibrium potential for Cl–, E
H
 is the equilibrium potential for 

protons, and r is the proton-anion coupling ratio. For a Cl–/H+ exchange transport 
protein, significant changes in the proton gradient should produce measurable 
changes in the membrane current reversal potential, which we failed to observe 
(Fig. 15.4d) for native VSOACs in PASMCs. This is quite different from the findings 
on the bacterial homologue EcClC, for which extracellular acidification produced 
a negative shift in measured reversal potentials.25

We have also examined whether hsClC-3 currents measured in transfected 
NIH/3T3 cells behave as Cl– channels or as Cl–/H+ antiporters. As shown in Fig. 
15.5a, b, hypotonically activated hsClC-3 currents were significantly inhibited by 
extracellular acidification. Extracellular acidification produced no measurable 
change in hsClC-3 current reversal potential (Fig. 15.5c), suggesting that hsClC-3 

Fig. 15.4  Inhibition of VSOACs by extracellular acidification in cultured canine PASMCs. (a) 
Time course of membrane currents activated at ±80 mV by hypotonic (230 mOsm, pH 7.4) solu-
tion. Following maximal activation, the extracellular solution was changed to a hypotonic (230 
mOsm, pH 4.5) solution at the time indicated by the horizontal bars. External acidification inhib-
ited both outward and inward VSOAC currents, and the remaining currents were reversed by 
reexposure to isotonic solution. Traces of membrane currents elicited by voltage steps over the 
range -100 to +125 mV in hypotonic (230 mOsm, pH 7.4) solution (b) and after changing to a 
hypotonic (230 mOsm, pH 4.5) solution (c). (d) Current-voltage (IV) relationships of membrane 
currents shown in (b, c). Extracellular acidification inhibited VSOACs without inducing any sig-
nificant change in current reversal potential (G.-X. Wang and J.R. Hume unpublished data)
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exhibits properties more consistent with a Cl– channel electrodiffusion mechanism 
compared to a Cl–/H+ countertransport mechanism.

5 � Summary and Conclusions

Native VSOACs in cardiac and SMCs share many properties with recombinant 
sClC-3 channels expressed in heterologous expression systems, including out-
wardly rectifying Cl– currents activated by cell swelling and inhibited by cell 
shrinkage; current inhibition at strong positive membrane potentials; and inhibition 
by extracellular nucleotides, stilbene derivatives such as DIDS and 4-Acetamido-
4'-isothiocyanato-2,2'-stilbenedisulfonic acid (SITS), intracellular dialysis by anti-
ClC-3 antibodies and by the antiestrogen compound tamoxifen.29 Moreover, as 
shown in this chapter, native VSOACs in PASMCs and expressed recombinant 
cClC-3 channels exhibit a similar lyotrophic permeability selectivity of SCN–>I–
>NO

3
–>Br–>Cl–>F–> isethionate > gluconate. Despite suggestions that some mem-

bers of the mammalian ClC Cl– channel family may function as chloride/proton 

Fig. 15.5  Effect of extracellular acidification on hsClC-3 currents in transfected NIH/3T3 cells. 
Traces of membrane currents elicited by voltage steps over the range ±100 mV in hypotonic 
(230 mOsm, pH 7.4) solution (a) and after changing to a hypotonic (230 mOsm, pH 4.5) solution 
(b). (c) Current–voltage (IV) relationships of membrane currents shown in (a, b). hsClC-3 cur-
rents were inhibited by extracellular acidification, but acidification had no effect on membrane 
current reversal potential (G.-X. Wang and J.R. Hume unpublished data)



246 J.R. Hume et al.

antiporters like the bacterial homologue EcClC, membrane current reversal poten-
tial measurements on native VSOACs in PASMCs and recombinant sClC-3 cur-
rents failed to provide any evidence supporting a role for chloride/proton antiporter 
function.

Native VSOACs and ClC-3 have been implicated in a wide variety of SMC func-
tions, including proliferation, growth, apoptosis, and protection against oxidative 
stress. It is possible that all of these might be explained by the role that VSOACs 
and ClC-3 normally play in normal cell volume homeostasis. However, it is possi-
ble that an important physiological function of these channels may extend beyond 
their normal role in cell volume regulation.30 For example, it has been demon-
strated31 that ClC-3 Cl- channels in the endothelial cell plasma membrane may be a 
prominent route for transmembrane flux of ROS. Future studies will certainly focus 
on such a possibility in PASMCs.
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