
Arterial tone is regulated by physiological and pathological

changes, such as a decrease of Oµ tension and an increase of

COµ, H¤ and K¤, resulting in an autoregulation of local blood

flow. Underlying mechanisms have been of great interest, and

it has been proposed that the membrane potential of arterial

smooth muscle cells plays a crucial role: depolarization of

the membrane potential opens voltage-operated Ca¥

channels (VOCCs), increasing Ca¥entry, which leads to

vasoconstriction (Post et al. 1992; Daut et al. 1994; Nelson

& Quayle, 1995). In spite of such significance, the ion channel

mechanism of resting membrane potential in vascular

smooth muscle cells has not been investigated in detail.

Resting membrane potentials of arterial smooth muscle cells

were reported to be in the range between −40 to

approximately −60 mV, varying according to the tissues

used by the authors, and the methods of measurement

(Harder, 1984; Neild & Keef, 1985; Trieschmann &

Isenberg, 1989; Nelson & Quayle, 1995; Nelson et al. 1995;

Yuan, 1995). These values are much less negative than the

theoretical K¤ equilibrium potential (EK), suggesting that the

resting membrane potential is not solely determined by K¤

conductance, but Na¤ conductance andÏor Cl¦ conductance

also contribute to some extent. Casteels et al. (1977)

reported that the sodium:potassium permeability ratio

(PNaÏPK) is 0·22 in pulmonary artery, indicating the presence

of Na¤-conducting ion channels. However, the nature of the

Na¤-conducting channels of arterial smooth muscle cells still

remains a question.

Journal of Physiology (1999), 514.3, pp.747—758 747

Contribution of Ca¥-activated K¤ channels and non-selective
cation channels to membrane potential of pulmonary arterial

smooth muscle cells of the rabbit

Young Min Bae, Myoung Kyu Park*, Suk Ho Lee, Won-Kyung Ho

and Yung E. Earm

Department of Physiology, Seoul National University College of Medicine,

28 Yonkeun_Dong, Chongno-Ku, Seoul 110-799 and *Department of Physiology,

Sungkyunkwan University College of Medicine, 300 Chunchun-Dong,

Jangan Ku, Suwon 440-746, Korea

(Received 13 July 1998; accepted after revision 2 November 1998)

1. Using the perforated patch-clamp or whole-cell clamp technique, we investigated the

contribution of Ca¥-activated K¤ current (IK(Ca)) and non-selective cation currents (INSC) to

the membrane potential in small pulmonary arterial smooth muscle cells of the rabbit.

2. The resting membrane potential (Vm) was −39·2 ± 0·9 mV (n = 72). It did not stay at a

constant level, but hyperpolarized irregularly, showing spontaneous transient hyper-

polarizations (STHPs). The mean frequency and amplitude of the STHPs was 5·6 ± 1·1 Hz

and −7·7 ± 0·7 mV (n = 12), respectively. In the voltage-clamp mode, spontaneous transient

outward currents (STOCs) were recorded with similar frequency and irregularity.

3. Intracellular application of BAPTA or extracellular application of TEA or charybdotoxin

suppressed both the STHPs and STOCs. The depletion of intracellular Ca¥ stores by caffeine

or ryanodine, and the removal of extracellular Ca¥ also abolished STHPs and STOCs.

4. Replacement of extracellular Na¤ with NMDG¤ caused hyperpolarization of Vm without

affecting STHPs. Removal of extracellular Ca¥ induced a marked depolarization of Vm along

with the disappearance of STHPs.

5. The ionic nature of the background inward current was identified. The permeability ratio of

K¤ :Cs¤ :Na¤ :Li¤ was 1·7 : 1·3 : 1 : 0·9, indicating that it is a non-selective cation current

(INSC). The reversal potential of this current in control conditions was calculated to be

−13·9 mV. The current was blocked by millimolar concentrations of extracellular Ca¥ and

Mg¥.

6. From these results, it was concluded that (i) hyperpolarizing currents are mainly contributed

by Ca¥-activated K¤ (KCa) channels, and thus STOCs result in transient membrane hyper-

polarization, and (ii) depolarizing currents are carried through NSC channels.
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The contribution of K¤ channels to the resting membrane

potential has been widely investigated in many different

types of cells. In cells whose resting membrane potential is

around EK, such as cardiac ventricular myocytes, it is well

known that inward rectifier K¤ channels are responsible for

providing high K¤ conductance in the resting state. In

arterial smooth muscle cells, however, inward rectifier K¤

channels are apparently absent or very small in the normal

extracellular K¤ concentration, and so the input resistance

of cells in the resting state is very high (e.g. in pulmonary

arterial smooth muscle cells (PASMCs) it was found to be

18 GÙ by Evans et al. 1996 and 4·7 GÙ by Park et al. 1997).

On the other hand, arterial smooth muscle cells have a high

density of Ca¥-activated K¤ (KCa) channels and voltage-

activated K¤ (KV) channels. Nelson et al. (1995) reported

that a focal increase of Ca¥ concentration (Ca¥ sparks)

occurs spontaneously in the cytosol of rat cerebral arterial

smooth muscle cells, and this is responsible for the

spontaneous transient outward currents (STOCs) which are

carried through KCa channels. It was therefore suggested

that the Ca¥-activated K¤ current (IK(Ca)) is an important

regulator of resting membrane potential in cerebral arterial

smooth muscles, and thus important in regulating arterial

tone. Although STOCs are found in various types of smooth

muscles (Benham & Bolton, 1986; Nelson et al. 1995), it has

not been directly investigated how the activation of the KCa

channels by Ca¥ sparks affects resting membrane potential.

In pulmonary arterial smooth muscle cells, the role of the

KCa channels has been suggested as a target of redox

modulation, and to play an important part in pulmonary

vasoconstriction by hypoxia (Lee et al. 1994; Park et al.

1995a,b; Thuringer & Findlay, 1997). This hypothesis can

be evaluated better when the role of the KCa channels in

resting membrane potential is elucidated.

The aim of the present study was to investigate the

contribution of non-selective cation currents (INSC) and IK(Ca)

to the resting membrane potential in small PASMCs of the

rabbit. In order to record membrane potential in physiological

conditions preserving the intracellular environment of

intact cells, we used the perforated patch-clamp technique

(Horn & Marty, 1988). We found that: (1) hyperpolarizing

currents are mainly contributed by KCa channels, and thus

STOCs result in transient membrane hyperpolarization; and

(2) depolarizing currents are carried through non-selective

cation (NSC) channels, and their contribution to resting

membrane potential is about two times greater than that of

K¤ selective currents.

METHODS
Cell preparation

Rabbits (1·0—2·0 kg) of either sex were anaesthetized with sodium

pentobarbitone (50 mg kg¢) and injected with heparin (100 U kg¢)

at the same time. The lungs were removed immediately and

immersed in normal Tyrode solution. Small pulmonary arteries

(outer diameter less than 400 ìm), which are 3rd or 4th branches of

the intralobar pulmonary arteries of a lower lobe on either side,

were dissected out under the dissecting microscope and incubated

at 37°C in nominally Ca¥-free normal Tyrode solution for 15 min.

Then, the arteries were transferred to 3 ml of Ca¥-free normal

Tyrode solution containing collagenase and elastase. After

incubation for 30—50 min in enzyme-containing Ca¥-free Tyrode

solution, the enzymes were washed out in enzyme-free, Ca¥-free

Tyrode solution for 5 min. Then cells were isolated by gentle

agitation with a fire-polished glass pipette in Kraft-Br�uhe (KB)

medium. The isolated cells were also stored in KB medium at 4°C.

The detailed procedures have been described previously (Park et al.

1995b).

Solutions and drugs

Solutions. Cells were transferred to an experimental chamber,

mounted on the stage of an inverted microscope (IMT2, Olympus,

Japan), and superfused with normal Tyrode solution at a

temperature of 34—37°C. Normal Tyrode solution contained (mÒ):

NaCl, 143; KCl, 5·4; NaHµPOÚ, 0·33; CaClµ, 1·8; MgClµ, 0·5;

Hepes, 5; glucose 11; adjusted to pH 7·4 with NaOH. We

substituted the NaCl in normal Tyrode solution with N-methyl-d-

glucamine-Cl (NMDG-Cl) when making the low Na¤ Tyrode

solution (Figs 4 and 5E and F). The full substitution of the NaCl

with NMDG-Cl in the normal Tyrode solution resulted in 0·33 mÒ

Na¤ concentration in 0·33 mÒ NaHµPOÚ. For the recording of

perforated patches, nystatin at 200 ìg ml¢ was added to the

pipette solution containing (mÒ): KCl, 30; KOH, 118; Hepes, 10;

MgClµ, 1; and methane sulphonate, 118; adjusted to pH 7·3 with

KOH. The high Ca¥-buffer K¤ internal solution for the patch

electrode was of the following composition (mÒ): KCl, 20;

potassium aspartate, 110; Hepes, 5; MgATP, 5; creatine

phosphate, 5; BAPTA, 10; adjusted to pH 7·3 with KOH. For the

recording of the non-selective cation currents (INSC), we used K¤-

free bath solution with low concentrations of divalent cations

(divalent cation free or 0·5 mÒ Mg¥ only), and 148 mÒ CsCl, NaCl

or NMDG-Cl pipette solution with high Ca¥ buffer (10 mÒ EGTA).

The bath solution for recording the INSC contained only 148 mÒ

NaCl, KCl, LiCl, CsCl, or NMDG-Cl with 5 mÒ Hepes and 11 mÒ

glucose.

Drugs. K¤ channels blockers such as charybdotoxin, TEA and

4_aminopyridine (4-AP) were used to block the IK(Ca) and the IK(V)

andÏor non-inactivating novel K¤ current (IK(N)). Caffeine and

ryanodine were used to deplete intracellular Ca¥ stores. Ryanodine

was prepared as 10 mÒ stock solution in distilled water. In some

experiments, Ca¥ chelator, the acetyl methyl ester form of BAPTA

(BAPTA AM) which was previously dissolved in DMSO, was also

used. All the chemicals except for BAPTA AM (which was from

Research Biochemicals International Co.) were obtained from Sigma

Chemical Co.

Electrophysiological recordings

Membrane currents and membrane potentials were recorded in

nystatin-perforated patch or whole-cell configurations using an

Axopatch-1D and Axopatch 200A amplifier (Axon Instruments).

Data were stored on video tape with a pulse code modulator

(Medical System, USA), and digitized with pCLAMP software 5.5

or 6.01 (Axon Instruments) at a sampling rate of 1—2 kHz and

filtered at 0·5—5 kHz. The patch pipettes were pulled from boro-

silicate capillaries (Clark Electromedical Instruments, Pangbourne,

UK) using a Narishige puller (PP-83, Japan). We used patch

pipettes with a resistance of 2—4 MÙ when filled with the above

pipette solutions. The junction potential between the pipette and

standard bath (normal Tyrode) solution was 6 mV for the

perforated patch solution, 7 mV for the K¤ pipette solution, and

2 mV for the CsCl pipette solution (the pipette was negative to the
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bath, and a 3 Ò KCl agar bridge was used as a ground electrode).

Membrane potentials presented in this paper were corrected for

these junction potentials in each experimental condition. Step-pulse

and ramp-pulse protocols and data acquisition were performed by a

digital interface (Digidata 1200, Axon Instruments) coupled to an

IBM-compatible microcomputer. The protocol of ramp pulses was

that of ascending to a voltage between +60 and +80 mV from a

holding potential of 0 mV followed by descending to a voltage of

between −80 and −100 mV at a speed of Ä (±100 mV s¢) except

for the trace in Fig. 5E, where the pulse protocol was stepped to

−100 mV from a holding potential of −60 mV followed by

ascending to +40 mV at a speed of Ä (+40 mV s¢). The current—

voltage relations were determined while the pulse was descending

from the positive potential to the negative potential except for the

traces in Fig. 5E. The composite data are expressed as

means ± s.e.m. (n), where n is the number of cells tested. Student’s

t test was used to compare values. A value of P < 0·05 was

considered to be significant.

RESULTS

Recording of resting membrane potential and
membrane currents

We recorded membrane potentials with the nystatin

perforated-patch clamp technique. In current clamp mode,

membrane potentials were not quiescent, but showed

spontaneous hyperpolarizations as was shown in Fig. 1A.

These spontaneous activities were also observed at room

temperature (22—25°C). In the following we refer to the

minimum negative level of potential as a resting membrane

potential (Vm), and spontaneous transient hyperpolarization

as STHP. Vm was −39·2 ± 0·9 mV (n = 72). STHPs were

irregular in frequency and amplitude, and the maximum

level of the STHPs was about −58 mV. The mean frequency

and amplitude of the STHPs were 5·6 ± 1·1 Hz and

−7·7 ± 0·7 mV (n = 12), respectively. When the cell was

voltage clamped and applied with step depolarization to

−46, −26, and −6 mV from the holding potential of

−86 mV, current traces showed spontaneous transient

outward currents (STOCs) superimposed on the slowly

inactivating outward currents (Fig. 1D). The mean

frequency and amplitude of the STOCs recorded at −31 mV

were 5·8 ± 1·2 and 27·8 ± 3·2 mV (n = 10), respectively.

The similar frequency and irregularity suggest a possibility

that STHPs are attributable to STOCs. When membrane

potential was hyperpolarized, the activity of STHPs or

STOCs was usually decreased, but in some cells with high

spontaneous activities, we could obtain the reversal

potential. The reversal potentials for STHPs and that for

STOCs were similar, and found at about −88 mV, which is

near the calculated K¤ equilibrium potential (−87·9 mV).

Since Ca¥-activated K¤ current is known to produce STOCs

(Benham & Bolton, 1986), we tested the effect of acetoxy-

methyl ester of BAPTA (BAPTA AM) on the membrane

potential in order to determine the dependence of STHPs on

intracellular Ca¥. It is known that BAPTA AM permeates

the cellular membrane and the anionic form of BAPTA is

released by the action of esterases within the cell, which

then chelates intracellular Ca¥ (Nichol & Hutter, 1996). The

bath application of 100 ìÒ BAPTA AM not only inhibited

Membrane potential of arterial smooth muscleJ. Physiol. 514.3 749

Figure 1. Recording of the resting membrane potential and membrane currents in the PASMCs

A, representative trace of membrane potential. B, effect of bath application of 100 ìÒ BAPTA AM on the

membrane potential. A and B were recorded in the perforated patch-clamp mode. C, membrane potential

recorded in ruptured whole-cell clamp mode with strong Ca¥ buffer (10 mÒ BAPTA) in the pipette. D and

E, membrane currents elicited by step depolarizations to the indicated voltage from a holding potential of

−86 or −87 mV in perforated patch-clamp mode (D) and whole-cell clamp mode (E), respectively.



STHPs, but also depolarized Vm from −38·8 ± 2·4 to

−28·3 ± 1·0 mV (n = 4, Fig. 1B). When we recorded the

membrane potential in the ruptured whole-cell mode using

the pipette solution containing 10 mÒ BAPTA to lower

intracellular Ca¥ concentration, Vm was −31·0 ± 2·1 mV

(n = 12) and did not show STHPs (Fig. 1C). In the voltage-

clamp mode with 10 mÒ BAPTA-containing pipette,

membrane currents elicited by the same step depolarization

protocol showed no STOCs but only showed slowly

inactivating outward currents (Fig. 1E). These results

indicate that intracellular Ca¥-dependent currents play an

important role in STHPs and Vm in pulmonary arterial

smooth muscle cells.

Regulation of membrane potential by IK(Ca)

In order to know whether the Ca¥-dependent current is the

large conductance Ca¥-activated K¤ current (maxi-K¤

current, IK(Ca)), we tested the effect of TEA and

charybdotoxin. TEA at either 1 or 2 mÒ reversibly inhibited

the STHPs and slightly depolarized the resting membrane

potential (Fig. 2A, left). Charybdotoxin (40 nÒ), a more

selective blocker of IK(Ca) also showed a similar effect as TEA

(Fig. 2A, right). When the cells were voltage clamped at

−31 mV, the STOCs were recorded. Application of TEA or

charybdotoxin to the bath solution inhibited the STOCs, in

a manner similar to their effect on the STHPs (Fig. 2B).
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Figure 2. Effects of KCa channel blockers on membrane potentials and membrane currents

A, effect of TEA (left) and charybdotoxin (right) on the membrane potential. B, effect of TEA and

charybdotoxin on the STOCs recorded at the membrane potential of −31 mV in voltage-clamp mode.

Perforated patch-clamp mode was used in A and B. Similar results were obtained in 4—9 other cells.

Figure 3. Regulation of the membrane potential by caffeine, ryanodine, and Cafi

A and B, effect of bath application of 10 mÒ caffeine on the membrane potential (A) and membrane

currents (B). The holding potential was −31 mV in trace B. C, effect of caffeine and ryanodine. TEA had

little effect on the membrane potential while the STHPs were suppressed by the treatment with caffeine

and ryanodine. D, effect of the extracellular Ca¥ removal (nominally Ca¥-free) on the membrane potential.

Caffeine still evoked a marked hyperpolarization of the membrane potential while the STHPs were

inhibited by the removal of the external Ca¥. Similar results were obtained in 3—7 other cells.



These results show that IK(Ca) is responsible for generation of

the STHPs in the membrane potential and plays an

important role in the regulation of resting membrane

potential in pulmonary arterial smooth muscle cells.

Effect of [Ca¥]é and [Ca¥]ï

The activities of IK(Ca) are greatly affected by the

concentration of intracellular Ca¥ (Benham & Bolton, 1986;

Thuringer & Findlay, 1997). Nelson et al. (1995) reported

that focal and transient increases of Ca¥ concentration (Ca¥

sparks), which were released from the intracellular Ca¥ store,

happened frequently in the subsarcolemmal space, and

contributed to the hyperpolarization of the resting

membrane potential and to the relaxation of the artery via

the activation of IK(Ca). Since high activities of IK(Ca) in the

resting PASMCs were recorded in this study (Fig. 1A, B and

D and Fig. 2), we tested the effects of inhibition of the

intracellular Ca¥ increase by depleting intracellular Ca¥

stores. We used high concentrations of caffeine andÏor

ryanodine to deplete intracellular Ca¥ stores. A high

concentration of caffeine is known to deplete intracellular

Ca¥ stores after a transient burst of Ca¥ release. Bath

application of 10 mÒ caffeine induced transient hyper-

polarization near to EK followed by sustained inhibition of

the STHPs (Fig. 3A). In accordance with this result, a

marked increase of outward current followed by sustained

inhibition of STOCs was observed in the voltage-clamp

mode when 10 mÒ caffeine was applied (Fig. 3B). The effect

of caffeine was rapidly reversed after washing out the drug,

but in the presence of ryanodine (4 ìÒ), which prevents the

recovery of intracellular Ca¥ stores from depletion, caffeine

irreversibly inhibited the STHPs. It was not recovered even

after the washout of the ryanodine and caffeine, and under

this condition bath application of 1·5 mÒ TEA had little

effect on the membrane potential (Fig. 3C). These results

show that spontaneous transient intracellular Ca¥ increases,

which are released from the intracellular Ca¥ store, take

part in the regulation of resting membrane potential via the

activation of IK(Ca) in the PASMCs.

We also tested the effect of extracellular Ca¥ removal on

the membrane potential in order to see whether sustained

influx of Ca¥ from the extracellular space is required for

transient Ca¥ release from Ca¥ stores. When we applied

Ca¥-free Tyrode bath solution, the STHPs disappeared

slowly, and Vm was markedly depolarized (from

−40·5 ± 4·0 to −23·3 ± 3·1 mV, n = 6, Fig. 3D). In this

condition the bath application of 10 mÒ caffeine still evoked

marked hyperpolarization near to EK (Fig. 3D), which

indicates that the intracellular Ca¥ store was not yet

depleted. This result suggests that sustained influx of Ca¥

from the extracellular space is required for the triggering of

spontaneous intracellular Ca¥ release (Ca¥-induced Ca¥

release, CICR), and thus for the activation of IK(Ca) and

generation of the STHPs. One important finding noticed in

this experiment is that the resting membrane potential was

depolarized to a much greater extent by Ca¥ removal than

by other changes which simply block IK(Ca). This result may

imply that Ca¥ removal not only inhibits IK(Ca) but also

increases some inward currents.
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Figure 4. The effects of extracellular Na¤
reduction on the membrane potential

A, hyperpolarization of the membrane potential

caused by a reduction in extracellular Na¤

concentration. B, summary of the effects of

extracellular Na¤ reduction on the membrane

potential. The numbers on the symbols represent the

number of tested cells. † indicates that the mean

values are significantly different (P < 0·05) from the

value measured in 143 mÒ Na¤ normal Tyrode (NT)

solution.



Na¤ replacement

The resting membrane potential (−39·2 ± 0·9 mV) recorded

in this study is much more positive than the theoretical

equilibrium potential for the K¤ ion (−87·9 mV, assuming

[K¤]é = 148 mÒ in this experimental condition). This

implies that some other inward currents are participating in

the regulation of resting membrane potential. We tested

whether the membrane potential is regulated by the

background cationic conductance. As the main extracellular

cation was Na¤, we substituted the extracellular Na¤ with

membrane-impermeable NMDG¤. The resting membrane

potential hyperpolarized progressively as Na¤ concentration

was decreased (Fig. 4A). However, the amplitude of STHPs

was hardly affected. Changes of Vm by Na¤ replacement are

summarized in Fig. 4B. These results indicate that the

background inward Na¤ conductance is present in resting

PASMCs, and it contributes to displace Vm from the EK to

the more positive potential.

Background currents

Since the membrane potential was hyperpolarized by the

replacement of extracellular Na¤ with NMDG¤, we aimed to

identify the Na¤-dependent background current. We used

the whole-cell voltage-clamp technique with Cs¤ or Na¤

pipette solution and K¤-free bath solution to minimize

contamination by the K¤ channel current. The holding
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Figure 5. Isolation of the background current

A, currents measured in 148 mÒ Na¤ solution in response to voltage steps between −110 mV and +30 mV

from the holding potential of 0 mV. B, same as A but for extracellular NMDG¤ instead of Na¤. The

horizontal bar indicates zero current level. C, current—voltage relation in 148 mÒ Na¤ and NMDG¤ solution

in response to voltage ramp. D, current—voltage relation obtained by subtracting current measured in Na¤-

free (NMDG¤) solution from that in 148 mÒ Na¤-containing solution. Traces A—D were recorded with CsCl

pipette solution and divalent cation-free bath solution in the ruptured whole-cell mode. Similar results were

obtained in 16 other cells. E, current—voltage relation measured in the normal Tyrode solution and NMDG¤

Tyrode (0·3 mÒ Na¤) solution in the perforated patch-clamp mode. F, current—voltage relation of the

difference current between the normal Tyrode and NMDG¤ Tyrode solution. Similar results in 3 other cells.



potential was 0 mV in order to inactivate other remaining

voltage-gated currents. Current traces recorded in response

to 250 ms step pulses to potentials between −110 and

+30 mV from a holding potential of 0 mV are shown in

Fig. 5A. The background currents showed no time-dependent

activation and inactivation. The treatment of 10 mÒ TEA,

4-AP, or nicardipine (up to 7 ìÒ) had no effect on this

background current (data not shown), indicating no

contamination of K¤ channel currents or Ca¥ channel

currents. Replacement of extracellular Na¤ by NMDG¤

markedly reduced inward currents with no effect on the

outward currents (Fig. 5B). Current—voltage relations were

obtained from the currents recorded in response to the ramp

pulse (from +60 mV to −80 mV for 1·4 s) in the presence

and absence of Na¤ (Fig. 5C) and the current—voltage

relation of the difference current is shown in Fig. 5D.

Replacement of Na¤ in bath solution by NMDG¤ induced a

significant decrease of inward current and shift of the

reversal potential towards more negative values. These

results were obtained in divalent cation-free bath solutions

in order to increase the amplitudes of background currents

since they were markedly reduced by the application of

extracellular Ca¥ and Mg¥ (Fig. 8). In order to see whether

the background current is active in physiological conditions,

we repeated the Na¤ substitution experiment in perforated

patch-clamp configuration in normal Tyrode bath solution

containing 1·8 mÒ Ca¥ and 0·5 mÒ Mg¥. When we

replaced Na¤ by NMDG¤, the decrease of inward current

and negative shift of reversal potential were also observed

(Fig. 5E and F), indicating the presence of inward Na¤ back-

ground current in resting PASMCs under control conditions.

Cation selectivity of the background currents

In order to determine the cation selectivity of the

background current, we replaced extracellular Na¤ by K¤,

Cs¤, Li¤, or NMDG¤. The pipette solution contained 148 mÒ

Cs¤. When the same concentration of Cs¤ was perfused in

the bath solution, the current recorded in response to a

ramp pulse showed an almost linear I—V relation with the

reversal potential of 0 mV. Replacement of external cation

with Na¤ and Li¤ reduced the inward current along with a

shift of the reversal potential to a negative direction.

Replacement by NMDG¤ resulted in further reduction, and

very little inward current remained (Fig. 6A), indicating

that most of background inward current is cation current.

To examine the permeability of K¤ through the background

cation channel, 10 mÒ TEA and 4-AP were applied to block

the contribution of K¤ channel currents (possibly due to

residual non-inactivated IK(V) andÏor the non-inactivating

novel IK(N)). Replacement of K¤ by Na¤ in the presence of

K¤ channel blockers reduced the inward current and shifted

the reversal potential in the negative direction, indicating a

higher permeability of K¤ than Na¤ through background

channels (Fig. 6B). Taken together, it can be concluded that

the background current is carried by a NSC channel, and the

permeability sequence is K¤ > Cs¤ > Na¤ > Li¤ >> NMDG¤.

The relative permeability was calculated using the following

equation (see Hille, 1992) derived from the Goldman—

Hodgkin—Katz equation for the bi-ionic condition:

PXÏPCs = ([Cs¤]ïÏ[X¤]ï) exp(ÄErevFÏRT), (1)

where ÄErev is the change in the reversal potential,

(Erev (X¤) − Erev (Cs¤)), and X¤ is either K¤, Na¤, Li¤ or

NMDG¤, F is the Faraday constant, R is the gas constant,

and T is absolute temperature. The changes in the reversal

potential of Na¤ÏCs¤; K¤ÏCs¤; Li¤ÏCs¤; and NMDG¤ÏCs¤

were −7·4 ± 0·2 (5); +7·3 ± 0·6 (3); −10·3 ± 1·8 (3); and

−50·3 ± 1·8 (4) mV, respectively. The relative permeabilities

(K¤ :Cs¤ :Na¤ :Li¤ :NMDG¤) calculated from these values

were 1·74 :1·32 : 1 :0·90 : 0·20.

From the relative permeability of PKÏPNa 1·74, we

calculated the theoretical reversal potential (Vrev) of the NSC

channel in the experimental conditions we used for recording

Vm ([K¤]ï = 5·4 mÒ, [K¤]é = 148 mÒ, [Na¤]ï = 143 mÒ,

Membrane potential of arterial smooth muscleJ. Physiol. 514.3 753

Figure 6. Cation selectivity of the background current

A, current—voltage relations measured in 148 mÒ CsCl, NaCl, LiCl, and NMDG-Cl bath solution. B, to

obtain the K¤ selectivity of the Na¤-dependent background current, 10 mÒ TEA and 4-AP were added to

the bath. CsCl pipette solution was used in both A and B.
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Figure 7. The outward component of the INSC is cation dependent

A, current—voltage relation measured in the NaCl bath solution with Cs¤ and NMDG¤ in the pipette. Note

the difference in the amplitude of the outward currents. The current traces are means of the currents

obtained from the 3 different cells for each condition. B, the amplitudes of the currents measured at a

voltage of ± 80 mV in A are compared. † indicates that they are significantly different (P < 0·05).

Figure 8. The blockade of the INSC by extracellular Ca¥ and Mg¥

The concentrations of Ca¥ and Mg¥ are nominal. A, extracellular Ca¥ blocks the INSC in a dose-dependent

manner. The currents were elicited by step voltage to −80 mV from the holding potential of 0 mV.

B, current—voltage relations measured in the presence and absence of extracellular 1·8 mÒ Ca¥. C, blockade

of the INSC by external Mg¥ and Ca¥. D, comparison of the blockade of the INSC at the various

concentrations of extracellular Ca¥ and Mg¥. The current values were measured at −80 mV and expressed

relative to the currents measured in the divalent cation-free bath solution. Open symbols indicate the

blockade by Ca¥ and filled symbols by Mg¥. Each cell used is represented by a different shape of symbol.

CsCl pipette solution was used for the traces in A and C and NaCl pipette solution was used for B.



[Na¤]é assumed to be 0 mÒ, and T = 35 °C) using the

Goldman—Hodgkin—Katz voltage equation:

Vrev = (RTÏF) ln ((PK[K¤]ï+

PNa[Na¤]ï)Ï(PK[K¤]é + PNa[Na¤]é)). (2)

The Vrev of the NSC channel was calculated to be −13·9 mV.

In Fig. 7, we examined the contribution of the background

NSC channels to the outward currents. When the pipette

solution contained NMDG¤ instead of Cs¤, the outward

currents were significantly reduced and the reversal

potential was found to be at a more positive potential. The

mean current—voltage relations obtained with Cs¤ and

NMDG¤ (n = 3 for each) pipettes are shown in Fig. 7A, and

the mean amplitudes of currents measured at ± 80 mV are

shown in Fig. 7B. This result suggests that the NSC channel

contributes not only to inward current but also to outward

current.

Blockade of the INSC by external Ca¥ and Mg¥

It is well known that in many tissues background NSC

channels are blocked by external divalent cations including

Ca¥ and Mg¥ (Hagiwara et al. 1992; Votes et al. 1996;

Mubagawa et al. 1997). In Fig. 8, we tested the effect of

Ca¥ and Mg¥ on the background INSC recorded in the

Na¤extÏCs¤int (Fig. 8A, C and D) or Na¤extÏNa¤int (Fig. 8B)

condition. Increase of external Ca¥ decreased background

INSC in a dose-dependent manner (Fig. 8A), and the

blockade was observed in the whole voltage range tested

(Fig. 8B). Mg¥ also blocked the background INSC in a dose-

dependent manner, but the blocking potency of Mg¥ was

weaker than that of Ca¥ (Fig. 8C). Figure 8D summarizes

the blockade of background INSC by extracellular Ca¥ and

Mg¥ in three different cells. Concentrations for half block

by Ca¥ and Mg¥ were about 0·8 mÒ and 2·5 mÒ,

respectively. This result suggests that removal of external

Ca¥ causes the increase of background INSC, thus

contributing to the depolarization observed in Fig. 3D.

Relative contributions of KCa and NSC channels

In the present study, we found that the membrane potential

of PASMCs lies in between the reversal potential of the INSC

(Erev(NSC)) and that of the K¤ current (Erev(K)). In Fig. 9, we

summarized the membrane potential recordings obtained

under different experimental conditions. The relative

contribution of K¤-specific current and INSC in each

condition was calculated using the following equation:

Vm = [Erev(NSC)GNSC + Erev(K)GK]Ï(GNSC + GK). (3)

The conductance ratio of NSC and K¤ channels (GNSC :GK)

was calculated as 1 : 0·52 at the resting potential, which

indicates a significant role of INSC in the regulation of

resting membrane potential. The K¤-specific conductance

increased up to about threefold when the STHPs were

generated (GNSC :GK = 1 : 1·47), and it decreased in the

presence of intracellular BAPTA (the membrane potential

was depolarized to −29 mV), indicating that the KCa

channels is mainly responsible for GK conductance. The

removal of extracellular Ca¥ caused the more distinct

depolarization to −23 mV, which can be interpreted as a

decrease of KCa channel conductance and a increase of

background GNSC at the same time. The substitution of

extracellular Na¤ with NMDG¤ caused a remarkable hyper-

polarization to −63 mV as it decreased the inward current

carried through the background NSC channels.

We have also considered the role of Cl¦ current in the

membrane potential, since the presence of several types of

Cl¦ channels were reported in vascular smooth muscle cells

(Strobaek et al. 1996; Wang et al. 1997; Nelson et al. 1997).

Membrane potential of arterial smooth muscleJ. Physiol. 514.3 755

Figure 9. The relative contribution of the NSC and K¤ selective channels

Erev(NSC) indicates the reversal potential of the background INSC and Erev(K) the reversal potential of the K¤

channel, or the equilibrium potential for the K¤ ion assuming the K¤ selectivity of the K¤ channels is

complete. uGNSC indicates the increase of NSC channel conductance, dGNSC the decrease of NSC channel

conductance, and dGK the decrease of K¤ channel conductance. NT, normal Tyrode solution.



The membrane potentials and STHPs were not significantly

affected by a chloride channel blocker (DIDS), or by

changing internal Cl¦ concentration (from 30 to 7 mÒ or to

140 mÒ). Reduction of external Cl¦ concentration did not

produce significant depolarizations (data not shown). We

therefore concluded that the contribution of Cl¦ conductance

to the membrane potential in the resting state is negligible.

However, there is still a possibility that Cl¦ current

contributes to the response to some stimuli, such as change

in pressure or shear force (Nelson et al. 1997).

DISCUSSION
The aim of this study was to examine the role of different

membrane currents in the regulation of resting membrane

potential in small PASMCs of the rabbit. The results showed

that conductance through the NSC and KCa channels are the

major components that regulate the membrane potential in

resting PASMCs.

Background INSC

Our results provide evidence for the presence of a

background INSC in resting PASMCs and this background

INSC plays a significant role in the regulation of resting

membrane potential in PASMCs. The linear current—voltage

relation, the permeability sequence (K¤ > Cs¤ > Na¤ > Li¤

>> NMDG¤) and sensitivity for divalent cations (Fig. 8)

resemble the properties of the background current described

in rabbit sino-atrial node cells, cultured bovine pulmonary

artery endothelial cells, and rat ventricular myocytes

(Hagiwara et al. 1992; Votes et al. 1996; Mubagawa et al.

1997). Under physiological conditions this background INSC

is very small because of the blockade by the extracellular

divalent cations. But this small current can depolarize cells

from EK, resulting in lower membrane potential. The role of

INSC was also investigated in pacemaking cells of the heart

(Hagiwara et al. 1992) or in pacemaking endocrine cells (GH×

cells in Simasko, 1994; rat lactrophs in Sankaranarayanan

& Simako, 1996), and it was suggested that the background

inward Na¤ current is important in the generation of

spontaneous action potentials by raising the resting

membrane potential to the threshold for the activation of

Ca¥ current, which is thought to be important in the

secretion in these cells. The role of the background Na¤

inward current (INSC) in PASMCs is not clear at present, but

it is possible that it can mediate some cellular responses to

the changes in extracellular or intracellular environment

provided that it has a modulation site sensitive to those

changes. Recently, ion channels are attracting attention as a

sensor or effector of many cellular responses; Oµ-sensitive

K¤ channel in chemotransduction in the carotid body

(Lopez-Barneo et al. 1988), Oµ-sensitive Ca¥ channel in

hypoxic relaxation of arterial smooth muscle cell (Franco-

Obregon et al. 1995), and ATP-sensitive K¤ channel in the

secretion of insulin in â-cells (Rorsman et al. 1991). In

PASMCs, the role of the K¤ channel in regulating membrane

potential has been mainly considered as a mechanism of

hypoxic response (Post et al. 1992; Park et al. 1995b, 1997;

Yuan, 1995). But the result of the present study

(GNSC :GK = 1 : 0·52) showed the important role of back-

ground INSC in the regulation of membrane potential,

suggesting the possibility that the tiny modulation of INSC

current may mediate many cellular responses to various

stimuli. On the other hand, the relatively large background

inward Na¤ current implies that active Na¤ extrusion

mechanisms are operational in the resting PASMCs. Since

most of the extrusion mechanisms such as the Na¤ pump are

active processes which require ATP, it is also possible that

quite a high degree of increase in intracellular Na¤

concentration would be caused by metabolic inhibition or

hypoxia. Therefore, the effect of intracellular Na¤ on cellular

function needs to be examined as a possible mechanism of

hypoxic response.

Activities of IK(Ca) and [Ca¥]é in resting PASMCs

The present study clearly demonstrates that the activity of

IK(Ca) which is dependent on the intracellular Ca¥ store and

extracellular Ca¥ contributes to resting membrane potential

and to STHPs in PASMCs. Although IK(Ca) can be recorded

in most types of smooth muscle cells, its role in membrane

potential has not been well recognized until recently

(Nelson et al. 1995; Gokina et al. 1996). Nelson et al. (1995)

observed spontaneous and focal increases in Ca¥

concentration (Ca¥ sparks) in the cytosol of rat cerebral

artery smooth muscle cells, and found that the Ca¥ sparks

occurred more frequently in the subsarcolemmal space than

in the deep cytosol. They suggested that Ca¥ sparks

activate IK(Ca), resulting in STOCs and membrane hyper-

polarization. Such information is not available yet in

PASMCs, but the disappearance of STHPs following

treatment with caffeine and ryanodine in the present study

implies that similar Ca¥ sparks also occur and contribute to

the regulation of membrane potential via the activation of

IK(Ca) in the PASMCs.

It is very strange that STHPs in the resting state, however,

have rarely been reported previously (Trieschmann &

Isenberg, 1989), although STOCs can be recorded in most

types of smooth muscle cells. At this moment we do not

know the exact reasons for this discrepancy. Considering the

fact that most studies investigating membrane potential

were performed in tissue preparation using microelectrodes,

we may postulate that cell to cell coupling may cause the

difference. In that condition, it is probable that the random

and spontaneous activities of IK(Ca) (reflected as STOCs in

the voltage-clamp mode) in each PASMC cannot produce

individual STHPs, but are integrated to a certain averaged

level, resulting in a resting potential value in tissues more

hyperpolarized than in single cells. The presence of cell

coupling in rabbit pulmonary artery was suggested by

Casteels et al. (1977) from the length constant of the tissue

(1·48 mm) and the time constant of the membrane (182 ms).
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Contributions of other channels

Although we have presented evidence that IK(Ca) provides a

major K¤-specific conductance regulating membrane

potential of PASMCs in the resting state, many previous

reports have focused on the role of voltage-dependent K¤

(KV) channels (Post et al. 1995; Yuan, 1995). Actually, the

electrophysiological characteristics of IK(V) (the range of

membrane potential for the window current) and the effect

of blocking IK(V) with 4-AP on the membrane potential

suggests that this K¤ current is also a very important

regulator of resting membrane potential in PASMCs.

Recently, a non-inactivating novel K¤ current (IK(N)) was

identified (Evans et al. 1996), which has a low threshold for

activation and thus is very likely to be participating in the

regulation of resting membrane potential. This novel K¤

current was also blocked by millimolar concentrations of

4_AP. But in most experiments Evans et al. (1996) used a

high concentration of Ca¥ buffer in the pipette solutions or

loaded the cells with Ca¥ indicator fluorescence dyes such as

fura_2 or indo-1, which themselves are strong Ca¥ buffers.

Under such experimental conditions, IK(Ca) must be more

suppressed than in intact cells, and it is possible that the

role of other K¤ currents might be somewhat overestimated.

So we have tried to evaluate the role of 4-AP sensitive

currents in the regulation of resting membrane potential

with the perforated patch-clamp technique. 4-AP caused

remarkable depolarization at concentrations above 5 mÒ but

this was accompanied by significant inhibition of STHPs

(data not shown). In these cells the STOCs were almost

completely blocked by the 4-AP at a voltage of −40 mV

(data not shown) in the voltage-clamp mode, suggesting that

the effect of 4-AP is not selective and IK(Ca) is also inhibited.

So, the evaluation of the relative roles of IK(V), IK(N) and

IK(Ca) does not seem to be possible by using 4-AP, and more

selective blockers are necessary.
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