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ABSTRACT—Although evidence of important contributions by Cl� channels to agonist-induced currents

have been reported in vascular smooth muscle cells, the functional roles played by Cl� channels in the

smooth muscle contraction and in setting the membrane potential remain essentially obscure. All of the

admittedly few papers published have focused on the physiological roles of Cl� channels in the contraction

and membrane depolarization elicited by agonists. At present, it seems likely that in vascular cells: a) Cl�

conductance contributes to membrane depolarization, with the subsequent contraction being due to Ca2�

release from the intracellular store sites, and b) Cl� movements through the membrane of the Ca2� store sites

also regulate Ca2� release and Ca2� uptake from / into the store sites. As a Ca2�-dependent Cl� current is most

easily demonstrated under quasi-physiological conditions (by the perforated patch-clamp method), the con-

tribution made by Cl� channels to smooth muscle function may be more important than previously thought.

The development of the new, selective Cl�-channel blockers as well as the identification and gene engineer-

ing of the channel molecules are essential if we are to advance our knowledge of the physiology and phar-

macology of the Cl� channels residing in vascular smooth muscle cells.

Keywords: Ca2�-dependent Cl� channel, Artery, Smooth muscle, Cl�-dependent contraction, 

Cl�-dependent depolarization

Introduction

It is well known that L-type Ca2� channels are important

in the regulation of the intracellular Ca2� concentration in

vascular smooth muscle cells, and some other channels,

such as voltage- and ligand-gated K� channels or nonselec-

tive cation channels, are known to regulate the L-type Ca2�

channels through changes in the membrane potential. In

contrast, we still know comparatively little about the other

type of ion channel that is abundantly distributed in the

smooth muscle membrane, the Cl� channel. The Cl� con-

ductance through the membrane of smooth muscle cells is

higher than the corresponding conductances in skeletal and

cardiac muscle cells. In rabbit pulmonary arterial cells,

an intracellular Cl� concentration of 57 mM has been calcu-

lated, and the relative permeability for Cl� is 0.67 against

the K� permeability under resting membrane conditions (1).

The calculated equilibrium potential for Cl� in these vascu-

lar cells is �26 mV (1), which is a high enough potential

to activate the L-type Ca2� channels in these cells, and also

high enough to block the spontaneously generated action

potential in excitable cells (depolarization block). This high

Cl� conductance may be an important determinant of the

indigenous membrane properties of smooth muscle cells.

In actual fact, an increase in Cl� conductance produces a

bidirectional response in terms of smooth muscle contrac-

tion. In vascular smooth muscle cells, which (with the ex-

ception of the portal vein) do not generate an action poten-

tial spontaneously in the presence or absence of agonists, an

increase in Cl� conductance may contribute to muscle con-

traction. Thanks to the use of voltage-clamp methods, much

evidence has accumulated to demonstrate the presence of

Cl� channels in vascular smooth muscle and to elucidate their

electrophysiological and pharmacological properties, but it

is still not yet clear exactly how Cl� channels contribute to

the regulation of smooth muscle contraction and membrane

depolarization elicited by various agonists. An adequate

knowledge of the current view of the properties of Cl�

channels or Cl� conductance, as they relate to the regulation

of contraction, is essential for an understanding of their

physiological and pathophysiological roles. The present

paper reviews the present situation with regard to our
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knowledge of Cl�-channel physiology and pharmacology in

vascular smooth muscle cells.

Intracellular Cl� concentration

The intracellular Cl� concentration ([Cl�]i) has been

measured in a number of tissues and cells using a variety

of methods. Using several different methods, such as the

double-barrelled microelectrode method, electron micro-

probe analysis and Cl�-flux measurement using a radio-

active tracer, we were able to measure [Cl�]i in smooth

muscle tissues. However, as smooth muscle tissues have a

relatively large extracellular space, the values obtained for

[Cl�]i by the use of these classical methods are subject to

errors. With the recent development of Cl�-sensitive fluo-

rescent dyes (MQAE and SPQ), we are now able to mea-

sure [Cl�]i in cells and tissues in which measurement was

difficult in the past. However, due to the chemical prop-

erties of these dyes (high permeability through the mem-

brane), this method, too, has limitations in terms of the

precise measurement of [Cl�]i in tissue preparations.

In smooth muscle cells, [Cl�]i is reported to be ca.

50 mM, as measured by tracer and ion-selective electrode

methods (1 – 4). These values are somewhat larger than

that measured in cardiac cells (5 – 8) (Table 1) and that

Table 1. Intracellular Cl� concentrations in various cells

Tissue Cell Species
Intracellular Cl� 
concentration (mM)

Tools References

Smooth muscle tissue pulmonary artery rabbit 51 radioisotope 1

aorta rat 31.6 � 3.2 fluorescent dye (MQAE) 8

vas deferens guinea pig 53.9 radioisotope 2

taenia caeci guinea pig 49 – 56 radioisotope 3

ureter guinea pig 51.1 ion-selective electrode 4

Cardiac tissue ventricular cell rat 21.3 � 1.5 ion-selective electrode 5

ventricular cell guinea pig 18.7 � 3.5 ion-selective electrode 6

heart chick 25.1 � 7.3 radioisotope 7

papillary muscle rabbit 15.2 � 0.6 (bicarbonate) radioisotope 8

24.1 � 0.6 (HEPES)

Epithelial tissue aortic endothelial cell human 34 patch clamp a)

tracheal epithelial cell dog 43 � 4 fluorescent dye (SPQ) b)

corneal epithelium rabbit 30, 41 microelectrode c), d)

renal epithelial cell rat 28 electron probe analysis e)

proximal tubule rabbit 17.8 � 0.5 ion-selective electrode f)

Neurons & others olfactory cell newt 40 fluorescent dye (MQAE) g)

brain synaptosome rat 14 � 4 fluorescent dye (MQAE) h)

Dieter’s neuron rabbit 21 radioisotope i)

cochlear hair cell guinea pig 8.3 � 0.9 fluorescent dye (MQAE) j)

epididymal cell rat 62.3 � 0.2 fluorescent dye (SPQ) k)

kidney cortical thick 
ascending limb

rabbit 58.8 � 7.2 fluorescent dye (SPQ) l)

kidney macula densa rabbit 68.7 � 9.8 fluorescent dye (SPQ) l)

gallbladder Nect-urus 12 � 2 ion-selective electrode m)

red blood cell lamprey 57.6 � 5.2 ion-selective electrode n)

lymphocyte rat 70 – 85 radioisotope o)

parotid acinar cell rat 62.3 radioisotope p)

fibroblast human 53.4 � 3.4 fluorescent dye (MQAE) q)

rectotroph cell rat 59.4 fluorescent dye (SPQ) r)

a) Ono et al.: J Physiol 511, 837 – 849 (1998); b) Chao et al.: J Memb Biol 113, 193 – 202 (1990); c) Klyce & Wong: J Physiol
(Lond) 266, 777 – 799 (1977); d) Yasukura et al.: Jpn J Pharmacol 67, 315 – 320 (1995); e) Larsson et al.: Acta Physiol Scand
126, 321 – 332 (1986); f) Ishibashi et al.: Am J Physiol 255, F49 – F56 (1988); g) Nakamura et al.: Neurosci Lett 237, 5 – 8
(1997); h) Engblom & Åkerman: Biochim Biophys Acta 1153, 262 – 266 (1993); i) Rapallino et al.: Int J Neurosci 53, 135 – 141
(1990); j) Ohnishi et al.: Am J Physiol 263, C1088 – C1095 (1992); k) Huang et al.: J Physiol (Lond) 474, 183 – 194 (1994); l)
Salomomsson et al.: Acta Physiol Scand 147, 305 – 313 (1993); m) Fernando-Garcia-Diaz et al.: J Membr Biol 73, 145 – 155
(1983); n) Bogdanova et al.: J Exp Biol 201, 693 – 700 (1998); o) Garcia-Soto & Grinstein: Am J Physiol 258, C1108 – C1116
(1990); p) Nauntofte & Dissing: Proc Finn Dent Soc 85, 307 – 317 (1989); q) Maglova et al.: Am J Physiol 275, C1330 – C1341
(1998); r) Garcia et al.: FEBS Lett 400, 113 – 118 (1997).
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measured in cultured rat aorta cells using a Cl�-sensitive

fluorescent dye (MQAE) (31.6 mM) (9). The calculated

reversal potentials for Cl� were �29 and �40 mV, respec-

tively, in these two preparations. These values of the rever-

sal potential are marginal in terms of ability to activate

voltage-dependent Ca2� channels; however, a comparison

of the contractions and depolarizations (achieved by in-

crease in the extracellular K� concentration) shows that a

depolarization to �40 mV is sufficient to produce contrac-

tion in smooth muscle cells (1). Extracellular Ca2� is thought

to be the main source of Ca2� for smooth muscle contrac-

tion, especially for the tonic component, and activation of

Cl� channels and changes in [Cl�]i are important because

they regulate the activity of L-type Ca2� channels.

Cl� currents recorded in vascular cells

Two major Cl� currents have been described in vascular

smooth muscle cells, namely, Ca2�-dependent Cl� and vol-

ume-regulated Cl� currents. The channel molecules respon-

sible for the latter Cl� current may be the ClC-3 isoform

(ref. 10; also see review, ref. 11). The volume-regulated

Cl� channel can be activated experimentally by low osmotic

pressure (perfusion with a hypotonic solution) or by certain

pathological conditions. This Cl� channel has also been re-

ported to be activated by mechanical stress, which occurs

during vascular distension caused by a rise in systolic pres-

sure, and by urinary retention in the bladder etc. In these

cases, a shift in the cellular responses toward contraction

clearly favors both the maintenance of tissue integnity and

systemic stability against mechanical stretch. Nelson et al.

(12) demonstrated that raising the pressure in the cerebral

artery to 80 mmHg depolarized the membrane, while Cl�-

channel blockers, IAA-94 (indaryloxyacetic acid) and

DIDS (4,4'-diisothiocyanatostilbene-2,2'-disulphonic acid),

hyperpolarized the membrane and relaxed the tissue. These

results indicated that stretching the vessel wall by increas-

ing blood pressure activated the volume-regulated Cl�

channels and reduced the arterial diameter. The same group

recently showed that the above Cl�-channel blockers also

suppressed the non-selective cationic current (13). Thus,

the importance of Cl� channels to the pressure-induced re-

sponse should promote further study and discussion, and

development of selective Cl�-channel blockers would be an

important aid to such investigations.

By use of the patch-clamp technique, Ca2�-dependent Cl�

currents have been identified in various smooth muscle

tissues, including vascular ones. It is of interest that it was

the perforated patch-clamp technique (involving the use of

nystatin or other antibiotics), rather than the conventional

whole-cell voltage-clamp technique, that revealed the Ca2�-

dependent Cl� current following agonist stimulation (14).

This may reflect differences in the Ca2�-buffering system

between the two techniques. In case of the conventional

whole-cell voltage-clamp technique, a strong Ca2� chelater

was always present in the pipette solution to maintain a

low Ca2� concentration within the cell ([Ca2�]i), whereas

[Ca2�]i is regulated by its own biological system in the per-

forated patch-clamp tehnique. Thus, the perforated patch-

clamp technique keeps conditions more physiological, and

quasi-physiological responses may therefore be seen in the

cells under study. There are various pieces of evidence to

suggest that the agonist-induced inward current is Ca2�-de-

pendent: i) low concentration of niflumic acid and stilbene

derivatives partly inhibited the norepinephrine-induced

inward current in the rabbit portal vein (15), while high

concentrations completely blocked the histamine-induced

inward current in the rabbit basilar artery (16); ii) removal

of extracellular Ca2� ultimately inhibited the agonist-in-

duced inward current; and iii) the reversal potential of the

agonist-induced inward current depended upon [Cl�]i and

[Cl�]o, but not on [Na
�]o and [K

�]o concentration. Further-

more, a redution in the amplitude of the agonist-induced

current occurred following pretreatment with caffeine, CPA

(cyclopiazonic acid) or thapsigargin. Thus, Ca2� release from

the caffeine-sensitive intracellular Ca2� store sites and Ca2�

influx through L-type Ca2� channels would seem to be im-

portant for activation of the Ca2�-dependent Cl� channels in

these preparations. The Ca2�-dependent Cl� current is mainly

activated by receptor stimulation in vascular cells; how-

ever, in some cases, Cl� currents have been reported to

be spontaneously activated. As spontaneous Cl� currents

were synchronously generated by the spontaneously Ca2�-

dependent K� currents (17, 18), this Cl� current was thought

to be activated by Ca2� release from the store sites.

The anion permeability of Ca2�-dependent Cl� channels

has been widely tested (see review, ref. 17). The order of

anion permeability for Ca2�-dependent Cl� channels is

SCN�

� I� � NO3
�

� Br� � Cl� �� glutamate, which is a

similar to the reported order for the volume-regulated Cl�

current in vascular cells and for the ClC-3 channel (I� � Br�

� Cl�) (11, 19). This order of anion permeability differs

from those reported for other types of Cl� channels such as

ClC-0, ClC-1, ClC-2 and ClC-5 channels. The two types

of Cl� current (Ca2�-dependent and volume-regulated Cl�

channels) can be separated by the use of certain channel

blockers. Niflumic acid is one such blocker, and this agent

inhibits Ca2�-dependent Cl� channels, but not volume-regu-

lated Cl� channels. DIDS, a stilbene derivative, is also

known to inhibit the Ca2�-dependent Cl� channel rather than

the volume-regulated channel.

Contribution of Cl� conductance to smooth muscle con-

traction

To assess the physiological role played by Cl� conduc-

tance in vascular smooth muscle cells, Criddle et al. (20,

21) examined the effects of niflumic acid on both K�- and
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agonist-induced contractions. They showed that niflumic

acid (1 – 30 �M) selectively inhibited the agonist-induced

contraction without changing the high K�-induced contrac-

tion in both the rat aorta and rat mesenteric artery. Niflumic

acid (30 �M), but not mefenamic acid (100 �M), was

later shown by our group to reduce the amplitude of the

histamine-induced contraction in the rabbit basilar artery

without inhibiting the high K�-induced contraction (22).

This niflumic acid-induced inhibition was predominantly ob-

served in the early phase of the agonist-induced contraction.

Although a high concentration of niflumic acid blocks the

high K�-induced contraction, the contribution made by the

Ca2�-dependent Cl� conductance to the contraction could be

measured by carefully choosing the concentration of niflu-

mic acid used. Criddle et al. (20) thought that the inhibitory

action of niflumic acid on the agonist-induced contraction

targeted Ca2� influx through L-type Ca2� channels since ni-

flumic acid reduced neither the amplitude of the phasic

contraction observed in Ca2�-free solution (17) nor the

Ca2�-dependent K� current. On the other hand, Hogg et al.

(15) thought that niflumic acid might act on the Ca2� release

mechanism on the basis of their observations. In our study

(ref. 23, rabbit basilar artery), since a long exposure to ni-

flumic acid (1 h or longer) led to the amplitude of the phasic

contraction being reduced, a niflumic-acid-sensitive mecha-

nism might contribute to an initial increase in the intracel-

lular Ca2� concentration through Ca2� release from the intra-

cellular Ca2� store sites and resulted in contraction.

There have been several reports of the effects on smooth

muscle contraction resulting from the replacement of extra-

cellular Cl� ions by other permeable or impermeable anions.

Saha et al. (24) showed that use of Cl�-deficient solution

(Cl� substituted by glucronate and gluconate) reduced the

muscle tone of the lower esophageal sphincter muscle of

the opposum without changing the acetylcholine-induced

contraction. This relaxation could be mimicked by applica-

tion of the Cl�-channel blockers, NPPB (5-nitro-2-(3-

phenylpropylamino)benzoic acid) and IAA-94, suggesting

an important contribution of Cl� conductance to esophageal

muscle tone in the opposum. In rabbit basilar artery, use of

low Cl� solution (Cl� substituted by several impermeable

anions) reduced the amplitude of the histamine-induced

contraction without changing the high K�-induced contrac-

tion (23). In this preparation, histamine is a strong constric-

tor through activation of the H1-receptor (16), and it in-

duces a phasic contraction followed by a tonic contraction.

The former depends on Ca2� release from the store sites and

the latter, on Ca2� influx through L-type Ca2� channels

(Fig. 1). The typical effects produced by the use of low Cl�

solution on the histamine-induced contraction in the rabbit

basilar artery are i) suppression of the phasic contraction,

ii) suppression of the rate of rise of the tonic contraction

and iii) increase in the rate of relaxation (Fig. 1). Thus, Cl�

conductance contributes to the enhancement of both the

Ca2�-induced Ca2� release mechanism and Ca2� influx. The

rank order of potencies for the inhibitory effects of imper-

meable anions on the contraction resembled the rank order

of permeabilities for the Ca2�-dependent Cl� channels in

rat lacrimal gland cells (25).

Any direct evidence in favor of a contribution by Cl�

conductance in the plasmalemma to Ca2� release from the

sarcoplasmic reticulum (SR) is scarce, but few papers

showed mutual relationships between Cl� conductance on

the SR membrane and the Ca2� release from the ryanodine

receptors. Using organic anions, Fruen et al. (26) demon-

strated that substitution of Cl� by propionate reduced Ca2�

release via a reduction in the functional rynodine receptor

in skeletal muscle SR, but not in cardiac muscle SR. Thus,

it is not clear whether and how Cl� conductance on the

SR mambrane participates in Ca2� release from the SR. The

difference observed between skeletal and cardiac muscles

may due to the known presence of different ryanodine

recepters in the two muscles, skeletal muscle possessing

RYR-1 and RYR-3 receptors, whereas cardiac muscle

possesses the RYR-2 receptor. All three types of RYR

receptors may contribute to the Ca2�-induced Ca2� release

Fig. 1. Agonist-induced arterial contraction and its [Cl�]o-dependency.
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mechanism in these cells, although it was reliably reported

that Cl�-dependent activation of Ca2� release occurs through

the RYR-1 receptor in skeletal muscle (27). In the case of

smooth muscle cells, it has been reported that RYR-2 and

RYR-3 receptor genes are both present. If we assume that

the RYR-2 receptor does not mediate Cl�-dependent Ca2�

release in smooth muscle cells, as it is reported to do in

cardiac RYR-2 (27), then the RYR-3 receptor may mediate

Ca2� release from the SR in smooth muscle cells. As re-

placement of Cl� with methanesulfonate reduced the Ca2�-

induced Ca2� release in the skeletal muscle of RYR-1

knock-out mice (27), both RYR-1 and RYR-3 receptors

seem to be regulated by the intracellular Cl� concentration

in skeletal muscle. Pollock et al. (14) reported no inhibition

of Ca2� uptake by niflumic acid in a rabbit stomach smooth

muscle preparation, although several other Cl�-channel

blockers did have an inhibitory action.

When [Cl�]o was reduced to 60 mM (Cl� substituted by

glutamate), an increase in pressure in the lumen augmented

the myogenic tone in the cerebral artery (28). The authors

concluded that this might be caused by an increase in

[Ca2�]i through activation of the L-type Ca
2� channels, as

the membrane was depolarized by a reduction in [Cl�]o

through a positive shift in the Cl� reversal potential. Indeed,

in the aorta when Cl� was replaced by the permeable anion,

SCN, there was a transient decrease in [Ca2�]i followed

the hyperpolarization of the membrane, and then [Ca2�]i

gradually increased within 20 min (28). When pressure

was raised within the mesenteric artery, norepinephrine and

5-hydroxytryptamine both induced a contraction closely

related to the Ca2�-dependent Cl� current without a change

in the resting myogenic tone, whereas in cerebral artery

stretched by strong pressure, a volume-regulated Cl� cur-

rent was activated under resting conditions (12, 21). As

the former contraction was inhibited by niflumic acid, but

not the latter, different Cl� currents would appear to have

been activated by the above maneuvers.

Contribution of Cl� conductance to the membrane

potential

Although much electrophysiological evidence of the

presence of a Cl� current and of its contribution to agonist-

induced responses has been obtained in patch-clamp exper-

iments, very few papers have been published in which

microelectrode methods have been used. In anococcygeous

muscle cells, Byrne and Large (29) reported that norepi-

nephrine produced a membrane depolarization, the initial

component of which was sensitive to [Cl�]o (as substitution

of Cl� by the impermeable anion benzensulfonate abolished

the initial membrane depolarization induced by norepi-

nephrine). In these cells, although low Cl� conditions inhib-

ited the initial phase of the norepinephrine-induced con-

traction, its maximum amplitude remained unaltered, a

result in good agreement with the effect of such conditions

on the membrane potential (30). Recently, Gokina and

Bevan (31) showed that niflumic acid, as well as DIDS,

inhibited the membrane depolarization induced by hista-

mine in the rabbit middle cerebral artery. Although a short

application of niflumic acid did not produce a distinct

repolarization on the histamine-induced depolarization in

the rabbit basilar artery, a long pretreatment with niflumic

acid could inhibit the depolarization (23). Similarly, super-

fusion with low-Cl� solution (Cl� substituted by imperme-

able anions) inhibited the histamine-induced depolarization

(23). All these results indicate that part of the depolariza-

tion evoked by agonists was mediated by an activation of

Ca2�-dependent Cl� conductance.

Summary

Taken together, the above reports demonstrate a contri-

bution of Cl� channels to agonist-induced contractions in

vascular and other smooth muscle cells (Table 2). As

blocker of Ca2�-dependent Cl� channels inhibited the early

depolarization in the anococcygeous muscle, it would seem

that the contraction that follows Ca2� release by agonists is

Table  2. Roles of Cl� channels in smooth muscle cells

Type Gene Supposed roles of Cl� channels Blockers or conditions (their actions) References

Ca2�-dependent Cl� channels ? contraction (early phase) niflumic acid (relaxation) 20, 21, 22

tonic contraction gluconate substitution (relaxation)
NPPB & IAA-94 (relaxation)

24
24

contraction (early phase) impearmeable anions (relaxation) 23, 30

depolarization impearmeable anions (repolarization) 29

depolarization niflumic acid & DIDS (repolarization) 23, 31

Volume-regulated Cl� channels ClC-3 osmotic homeostasis IAA-94 & DIDS 
(hyperpolarization & relaxation)

12

niflumic acid (no effect on membrane 
potential and contraction)

12

Cl� channels in SR membrane osmotic homeostasis niflumic acid (no effect on Ca2� uptake) 14
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directly regulated by Cl� membrane conductance. Results

from patch-clamp experiments have shown that niflumic

acid (�50 �M) does not modify Ca2� release by agonists

and caffeine, as the Ca2�-dependent K� current was not

inhibited by their blocker (32). There is good evidence that

the agonist-induced inward current can be attributed to Ca2�

release from the SR (pretreatment with caffeine or superfu-

sion with Ca2�-free solution inhibited the agonist-induced

Cl� current), and that an increase in [Ca2�]i via the SR is

essential for activation of Ca2�-dependent Cl� channels. On

the other hand, a block of L-type Ca2� channels by Ca2�

antagonists did not greatly change the agonist-induced de-

polarization of the membrane. Thus, a conclusion that Cl�-

dependent membrane depolarization may regulate L-type

Ca2�-channel activation seems to be appropriate (Fig. 2). It

is uncertain why Ca2�-dependent Cl� channels are opened

by an increase in [Ca2�]i caused by Ca
2� release from the

store sites, but not by an increase in [Ca2�]i caused directly

by Ca2� influx through L-type Ca2� channels. In hair cells,

Issa and Hudspeth (33) demonstrated a clustering and colo-

calization of Ca2� channels and Ca2�-dependent K� channels

in the presynaptic active zone. Although no evidence that

clustering also occurs in smooth muscle has so far been

published, it could be that Ca2�-dependent Cl� channels are

more densely distributed close to the Ca2� store sites, so that

activation of these channels can easily occur following a

[Ca2�]i increase through Ca
2� release. One other possible

reason, for there being distinct contributions by store sites

and L-type Ca2� channels to the activation of Ca2�-depend-

ent Cl� channels, include the predominant contribution to

tonic contraction being made by agonist-induced nonselec-

tive cation channels.

To assess the physiological and pathophysiological roles

played by Cl� channels, a more specific channel blocker is

required, as the present channel blockers, such as niflumic

acid and stilbene derivatives, are known to act at various

sites. Furthermore, replacement of Cl� by other organic and

inorganic anions changes the cellular conditions such as

intracellular pH and cell volume through a suppression of

Cl�-sensitive exchangers and other Cl� channels. Indeed,

experiments with low Cl� solution have produced a wide

variety of effects in anococcygeous and vascular smooth

muscle cells (23, 29). The results of such experiments

might depend upon whether the substitutes do or do not

have an action similar to that of Cl�, which will be strongly

related to their permeability through the cell and SR mem-

branes.
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